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The Effect of Preoxidation and Meniscus Shape 

on the Hydrogen-Platinum Anode of a 
Molten-Carbonate Fuel Cell 

James T. Cobb, Jr.' and Lyle F. Albright 
School of Chemical Engineering, Purdue University, Lafayette, Indiana 

ABSTRACT 

Electrochemical phenomena in a hydrogen-oxygen fuel cell were studied 
at 723°K for the three-phase region on smooth platinum anode sheets, par- 
tially immersed in a eutectic mixture of lithium, sodium, and potassium car- 
bonates. The meniscus shape varied with the composition of the gas phase 
and the potential of the anode. A platinum oxide surface was formed on the 
anode either by a preoxidation technique or by contacting the platinum with 
gaseous oxygen. A platinized surface, obtained by reduction with hydrogen of 
this surface, resulted in immediate large increases in current (activation), but 
the current slowly decreased with time (deactivation). Temporary increases 
in current were observed as the contact angle suddenly increased as the elec- 
trolyte film drained from the anode. The molten-carbonate film, obtained dur- 
ing raising the anode, was apparently relatively impermeable to hydrogen. 

The current density at a selected polarization or 
voltage can be substantially increased through a 
smooth platinum anode completely submerged in an 
aqueous electrolyte by preoxidizing the anode surface 
(1,2). The platinized surface, produced by the reduc- 
tion of the oxide layer, slowly "recrystallizes," and the 
current density decreases toward its value before pre- 
oxidation. A similar effect is found on a smooth hy- 
drogen-platinum anode partially immersed in an 
aqueous electrolyte (3). 

On a smooth, partially immersed hydrogen-platinum 
anode, only well-developed menisci (formed by good 
wetting of the anode by the electrolyte) have been 
reported. However, evidence exists of variations in the 
contact angle on several other metal surfaces, partially 
immersed in aqueous solutions and exposed to various 
atmospheres and potentials (4-6). Changes in the con- 
tact angle have also been observed when the atmos- 
phere was changed around sessile drops of molten 
sodium disilicate and molten lithium metaborate on 
smooth platinum surfaces at 1273°K (7,8). 

When a well-developed meniscus is present on an 
electrode partially immersed in an aqueous electro- 
lyte, a film extends above the meniscus and over 75% 
of the current results from the transfer of the hydro- 
gen through it (9-11). Migration of hydrogen along 
the surface of the anode has been shown to be insig- 
nificant under these conditions (9, 11). However, the 
possibility of significant bulk diffusion through the 
anode material of a high-temperature (723"-973°K) 
fuel cell has been postulated (12). 

The   resent investigation concerned itself with these 

immersed approximately 2.5 cm in the salt and served 
as the fuel chamber. It was supported by three 6 mm 
glass tubes. Two of these tubes (items 4 and 5) ex- 
tended to within 2.5 cm of the top of the fuel chamber. 
One was the gas inlet and the other the gas outlet. A 
fourth tube, fused shut on the end, contained a chro- 
mel-alumel thermocouple, which was placed at the 
salt surface either just outside the fuel chamber or in- 
side the chamber about 2.5 cm from the anode (item 
7). 

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

This cell assembly was positioned inside an electric 
oven (item 12), which had two 6.25 cm square win- 
dows, one in the front wall and the other in the back 
wall. A focused beam of light was directed through 
the back window. Visual reading of the contact angle 
allowed only approximate values (O0, 15", 30", 60°, 
and 90") to be reported. The electric oven was covered 
with insulation which is not shown in Fig. 1. 

phenomena on a platGum anode partially immersed in 
a eutectic mixture of lithium, sodium, and potassium 
carbonates at 723°K. The effects of (a). preoxidation, 
( b )  changes in composition of the gas phase, and (c) 
resistances to hydrogen transfer through an electrolyte 
film were investigated in regard to the current density 
through the anode and on the contact angle made by 
the molten salt with the anode. 

Equipment-The fuel cell used is shown schemati- 
cally in Fig. 1. A 1: 1: 1 by weight mixture of lithium, 
sodium, and potassium carbonates (item 1) filled a 2500 
ml Vycor beaker (item 2) to a depth of 12.5 cm. The 
salt was prepurified by melting and skimming the salt, 
then reducing metallic ions with a magnesium metal 
strip. An inverted 800 ml glass beaker (item 3) was 

'Present address: U. S. Naval Weapons Center, China Lake, Cali- 
fornia. 
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Fig. 1. Fuel cell and gas feed system 
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A dry, metered mixture of about 6% COz and 94% 
air was fed to the cathode and reference electrode 
through their support tubes (items 10, 11, 13, 14, 15, 
16, and 17). Hydrogen, oxygen, nitrogen, carbon di- 
oxide, and mixtures of these gases could be fed to the 
fuel chamber (items 4, 5, 16, 18, 19, 20, and 21). As a 
rule, the gas chamber contained about 10% carbon 
dioxide and 90% hydrogen. 

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

Contact angles and menisci.-Advancing and reced- 
ing contact angles are most commonly defined in a 
system where the entire mass of the liquid is in motion 
relative to the solid, i.e., a drop of water running down 
a window pane or an electrode being raised from or 
lowered into an electrolyte. In the case of the ex- 
periments involving a stationary sessile drop or a 
meniscus on a stationary vertical plate, there was no 
movement of the bulk liquid with respect to the solid 
and so there was no classical advancing or receding 
contact angle. Only increasing or decreasing contact 
angles (which may have been related to receding and 
advancing contact angles, respectively) could be ob- 
served. 

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

Efect of atmosphere on contact angle.-With hydro- 
gen gas above the electrolyte in the beaker (item 3), 
the contact angle between a partially immersed plati- 
num anode and the electrolyte was approximately 90" 
at open circuit conditions. The potential was -0.94~. 
As the hydrogen was replaced with nitrogen, the po- 
tential slowly rose, but the contact angle remained 
constant. After 5 hr  the nitrogen was replaced by 
oxygen. Within several minutes, the potential had 
risen to a constant value of 0 .08~ and the contact angle 
had decreased to about 15'. 

Preoxidation of anode.-A preoxidation procedure 
was used in which the anode was maintained briefly 
at  a high potential (0.0-0.3~1, and then returned to a 
lower one (usually -0.5~). Higher currents and 
changes of the contact angle were observed after pre- 
oxidation. Potentiostatic current-voltage curves had 
characteristics different from those found by Will (131, 
who did not mention any preoxidation effects. For ex- 
ample, a slightly roughened platinum anode partially 
immersed in the electrolyte at  open circuit had a ref- 
erence potential of -0.93~ and an initial contact angle 
of about 90". The potential was then adjusted in steps 
to -0.8, -0.6, -0.4, -0.2, and O.Ov in two sequences 
as shown in Fig. 2. The current tended to drop slightly 
with time after the potential was adjusted upward and 
to rise slightly with time after the potential was ad- 
justed downward. In each case, the potential was 
maintained constant for 10 min, and the current was 
recorded at the end of this time. 

When a potential of -0.20~ was impressed, the con- 
tact angle of the meniscus changed to around 60"; at  
O.OOv, the angle became Oo.'The meniscus height, mea- 
sured with a cathetometer, was 0.40 cm. As the poten- 
tial was lowered back to its open-circuit value, the 
contact angle slowly increased to 60". After several 
hours at open circuit, the contact angle had increased 
to just under 90". The current was significantly in- 
creased after preoxidation at O.OOv, as is seen in the 
second half of curve 2 of Fig. 2. Such an increase in 
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2 - 0 . 4  

-I 5 - 0 . 6  
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W 

& -0.8 
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- 1  .o 
0 0 . 5  1.0 1.5 2.0 2.5 

CURRENT (MA) 
Fig. 2. Polarization of a platinum anode showing the effect of 

preoxidation. 

current was also observed in several other current- 
voltage curves, obtained in a similar manner. 

The relationship between the conditions of preoxi- 
dation and the increase in activity of the anode fol- 
lowing preoxidation was studied. Two series of runs 
were made with partially immersed anodes, in which 
the voltage was switched back and forth between 
-0.50~ and 0 .10~ holding the potential steady at each 
value for 2 min. This operation was repeated several 
times and the current at the end of each 2-min interval 
was recorded, as shown in Fig. 3. Curves la  and l b  
are for a slightly roughened anode; curves 2a and 2b 
for a smooth one. The (a) portion of each curve indi- 
cates the values obtained at  -0.50~; the (b) portion 
shows the data at  0.10~. The contact angle for the first 
point on the (a) portions was about 90". For all the 
other points of the four curves, it was 0". The current 
at -0.50~ through both anodes increased by a factor 
of 1.8 in the interval of 2-6 min. This current was 
somewhat lower at  10 min, then gradually increased 
for the remainder of the 30-min experiment. At 0.10v, 
a sharp drop in current through both anodes (curves 
l b  and 2b) by a factor of about 0.7 was observed be- 
tween the data points at  4 min and at  8 min. This drop 
in current was followed by a gradual increase until 
the very end of the experiment when a second drop in 
current seemed to be starting. 

The rate at which the larger currents, following 
preoxidation, decreased was found to depend on the 
conditions of preoxidation. The data far curve 1 of Fig. 
4 were obtained at  an emergence height of 2.65 cm 
(i.e., height that the top edge of the anode was above 
the undisturbed electrolyte surface), beginning with a 
relatively inactive surface (contact angle about 9O0, 
current 0.71 ma, volts -0.5). Preoxidation was ob- 
tained using a potential of 0.10~ for 1 min, from -1 to 

T I M E  (MIN) 
Fig. 3. Increase in current with time of preoxidation on a plati- 

num anode. 



4 J. Electrochem. Soc.: ELECl ?ROCHEMICAL SCIENCE January 1968 

I I ,  

1 2 4 6 10 20 40 100 2 0 0  
T I M E  (MIN) 

Fig. 4. Deactivation of a platinum anode following preoxidation 

0 rnin on the abscissa (not shown). During this period, 
the contact angle changed to about 60". At the end of 
this 1-min period, the external driving potential was 
removed temporarily to allow the cell potential to 
drop to -0.50~. The external driving potential was 
then reapplied, and the -0.50~ cell potential was 
maintained for the next 55 min. The current decreased 
in general rather steadily during this period from 
about 1.25 to 0.82 ma. The contact angle remained at 
60' during this entire period. 

Curve 2 of Fig. 4 describes the behavior of an anode, 
also at 2.65 cm, which was preoxidized using a higher 
potential ( 0 . 3 ~  for 1 min) then returned to -0.50~. A 
minute after preoxidation, the current was 2.0 ma. It 
decreased rapidly for 5 min, after which it rose slightly 
for 2 min, then fell rapidly to 1.38 ma at about 10 min 
after preoxidation. During the first 2 rnin of this in!- 
tial 10-min period, the contact angle remained at 0 . 
For the last 8 min, ripples began to appear at the top 
of the meniscus. These ripples apparently were caused 
by the presence along the meniscus top of a number of 
small regions in which the meniscus was receding. 
The apparent contact angle increased to,perhaps 10" 
or 2O0, and thus a well-defined three-phase line was 
visible. The ripples were still apparent until 20 min, 
when the contact angle was around 30". For the next 
10 min, the contact angle continued to increase 
sporadically along the top of the meniscus. At 30 min, 
it averaged at about 60". During this entire 20-min 
period, the current was generally increasing, although 
its value fluctuated significantly over short periods of 
time, as indicated by the data points shown on Fig. 4. 
Once the contact angle reached 60°, it remained there 
for the next 60 min. During this period, the current 
fell with some fluctuations from 1.74 to 0.82 ma. 

The general increase in current by a factor of be- 
tween 1.2 and 1.7 from curve 1 to curve 2 of Fig. 4 is 
attributed to the increase in the potential of the pre- 
oxidation process. Apparently the degree of oxidation 
and possibly the type of oxide on the platinum was 
different in each case. 

Curves 3 and 4 of Fig. 4 and curve 1 of Fig. 5 were 
obtained on anodes at different emergence heights, 
which were preoxidized for even longer periods of 
time (15 min) at 0.30~ and then returned to -0.50~. 
The generally higher current of curve 4 of Fig. 4 and 
lower current of curve 1 of Fig. 5 were apparently 
caused by the difference in the past history of the 
various portions of the anode surface at the three- 
phase region in each case. All three curves exhibited a 
temporary increase in current as rippling became 
noticeable (see Table I). The data points are not 
shown in these curves in order to maintain clarity. In 
general, there were fewer short-term current fluctua- 

0 . l 1  ' " I  ' " 

1 2 4 6 10 20 40 100 200. 
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Fig. 5. Deactivation of a platinum anode following preoxidation 

tions than observed in curve 2 of Fig. 4. Curves 2 and 
4 of Fig. 4 indicate that the rate of deactivation in the 
time period before ripples appear is a function of the 
length and potential of preoxidation. 

Raising the anode from one partially immersed posi- 
tion to another immediately after preoxidation tended 
to give immediately higher currents and/or increased 
currents over relatively long periods of time. The 
effect of this raising is shown in curves 2, 3, and 4 of 
Fig. 5. In each case, the anode was raised to an emer- 
gence height of 3.4 cm (i.e., to a position where 3.4 
cm of the anode was above the undisturbed electro- 
lyte surface) immediately following preoxidation for 
15 min at 0.30~. The position of preoxidation is indi- 
cated in the legend. After raising, the potential was 
maintained at -0.50v, and the current was observed 
for several hours. 

The current increases depended on the distance that 
the anode was raised (as comparisons of curve 1 of Fig. 
5 with curves 2, 3, and 4 indicate). The currents were 
higher when the anode was raised 0.75 cm as com- 
pared to those currents through the stationary anode. 
For the anodes raised 1.5 cm (curves 3 and 4), the 
higher currents remained for significantly longer pe- 
riods of time than those through the stationary anode 
or through the anode raised 0.75 cm, although during 
the initial 20 rnin curves 3 and 4 were below curve 2. 
The contact angle behavior during the periods covered 
by each of the curves of Fig. 5 is also shown in Table 
I. In general, raising the anode after preoxidation 
lengthened the duration of both the lower contact 
angles and higher currents. 

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

height was investigated using an anode which had 
been preoxidized for 10 rnin (while completely sub- 
merged). Curve 1 of Fig. 6 records the current which 
was obtained when the anode was raised 0.05 cm 
every 2 rnin to an emergence height of 1.15 cm. The 
top of this anode was not quite horizontal so that its 
top edge did not rise completely above the level of 
the undisturbed salt surface until 0.4 cm. The current, 
which was 0.32 ma at complete submergence, increased 
very slowly during the initial 0.4 cm to a value of 0.40 
ma. The current then increased rapidly for the next 
0.6 cm with several small halts before reaching 1.00 

Table I. Contact angles during time periods (in minutes) described 
by various curves of Fig. 4 and 5 

Figure Curve 0' Rlpples 30' 60' 90' 
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Fig. 6. Change in current through a platinum anode being raised 
and lowered. 

cm emergence. Here the current leveled out at  about 
1.12 ma. The contact angle was 0' during the entire 
period of raising. 

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

1.15 to 1.10 cm- 0" 
1.05 to 1.00 cm-30" 
0.95 to 0.75 cm-60" 
0.70 to 0.10 cm-90" 

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

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

Discussion of Results 
The Platinum Surface 

The results of this investigation imply that three 
basic surface structures were present at various times 
and positions on the platinum anodes described above. 
The first of these was smooth platinum covered with 
sorbed hydrogen (denoted Pt-H) in the potential 
range -1.0~ to approximately -0.30~. The second was 
smooth platinum covered with sorbed oxygen (denoted 
Pt-0) in the potential range -0.20 to 0.30~. Finally, 
there was essentially smooth platinum covered by a 
thin platinized layer (denoted Pt*) also in the poten- 
tial range -1.0 to -0.30~. Such surfaces have been 
postulated as occurring on platinum surfaces by pre- 
vious investigators (1,8,2). These three surfaces help 
explain many of the results presented above. 

The 90" contact angle on a stationary anode in a 
hydrogen atmosphere is attributed to the presence of 
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the Pt-H surface at  the three-phase boundary. The 0' 
contact angle is attributed to the P t -0  surface ob- 
tained from a Pt-H surface either by increasing the 
anode potential or changing the atmosphere to oxygen. 
The second of these methods shows that the change in 
contact angle from 90-0 0" is caused by a change 
in the chemical and physical, but not necessarily elec- 
trical, structure of the surface. Chemical changes of 
the surface affect the roughness (14) and surface 
tension (15, 8) of the surface. Pask (8) has discussed 
his results in light of these effects. 

When hydrogen replaced oxygen in the atmosphere 
above the anode, or the potential was reduced below 
-0.20~ (depending on which method was used to pro- 
duce the P t -0  surface), the platinum oxide was re- 
duced either directly, by diffusion of hydrogen along 
the surface or through the anode material, or by a 
small electrochemical "corrosion-type" cell on the 
anode surface. The rapid return of the potential to 
-0.50v, as noted in Fig. 4 and 5, indicates that the en- 
tire Pt-0 surface is rapidly reduced. The slow return 
of the contact angle to high values, in spite of this 
rapid potential change, supports the hypothesis of 
the platinized surface (Pt*). The high degree of 
roughness, supposedly possessed by such a surface, 
should be sufficient, according to Johnson and Dettre 
( 141, to maintain a low contact angle. 

The activation by preoxidation techniques of a plati- 
num anode for low-temperature cells has previously 
been reported to be caused by the thin platinum layer 
of the Pt* surface (1). However, no mention was made 
of changes in the meniscus shape as were noted in the 
present study. Platinized surfaces, however, presum- 
ably contain considerably more active catalytic sites 
than an atomically smooth surface; each site may also 
be more "active". The slow increase in contact angle, 
plus the decrease in current following preoxidation, 
strongly indicate that recrystallization of the platinized 
surfaces occurs slowly with time to form smooth sur- 
faces again. The observed contact angle on a surface 
should increase as the surface roughness decreases 
(15,14). However, the increase in contact angle will 
be slower than the roughness decrease, since the elec- 
trolyte is receding from the platinum surface (14). 
Thus, lower currents may be observed at the same 
contact angle with receding than with advancing 
menisci. 

The Electrolyte Film 
The results of this investigation also imply that any 

film of molten salt electrolyte above the meniscus re- 
gion on the electrode is less pervious to transfer of re- 
actants or of products to or from the anode surface 
than aqueous electrolyte films in low-temperature 
cells (13). In the present cell, hydrogen as fuel was 
transferred from the gas phase to the anode; the prod- 
ucts, steam and carbon dioxide, were transferred from 
the anode to the gas phase. Based on molecular size 
considerations, transfer of the products might be more 
controlling than the transfer of the small hydrogen 
molecules. 

When an activated anode was raised even relatively 
slowly, a film of electrolyte was pulled up on the pre- 
viously submerged portions of the anode. The results 
of Fig. 6, especially curve 2, show that the presence 
of this film during raising may cause a current de- 
crease of up to 1 ma from the value observed after 
the film has drained away. When a film is present, the 
three-phase region is at the top of this film. The ohmic 
resistance of the film increa~es the over-all ohmic re- 
sistance of the cell ( l l ) ,  thus lowering the current. 
There is insufficient transport of reactants or products 
across the film to counter the removal of the reaction 
sites to the top of the film. 

When a film is present, as is always true to some 
extent, tlie resistance to ion transport in this film 
causes lower potentials toward the top of the film dur- 
ing preoxidation. Thus the upper portions of the anode 
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should not be as heavily oxidized, and thereafter 
platinized. 

The sudden increase in current on stationary anodes, 
recorded in curves 2, 3, and 4 of Fig. 4 and in curve 1 
of Fig. 5 is attributed to the drop of the three-phase 
region into the more heavily platinized regions below 
the top of the original well-developed meniscus. In 
addition, there was a simultaneous increase in the 
length of the three-phase region (when rippling ap- 
peared.) 

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

When the anode was slowly lowered into the elec- 
trolyte and the contact angle of the advancing elec- 
trolyte increased up to 30°, the current, as observed in 
both curves 1 and 2 of Fig. 6, remained constant at its 
maximum value, or even rose slightly, until an emer- 
gence height of 0.50 cm. From this observation, it 
seems clear that diffusion of hydrogen along the elec- 
trolyte/solid interface or through the anode material 
itself from the Pt-H surface just above the three- 
phase region is the chief avenue of hydrogen to the 
reaction site. 

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

Conclusions 
1. Platinum anodes immersed in a molten carbonate 

eutectic mixture at 723°K are activated by a preoxi- 

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

2. The contact angle between the 723°K molten 
carbonate eutectic mixture and a stationary, inactive 
platinum anode is around 90". During preoxidation it 
decreases to 0". The contact angle slowly changes to 
90" during deactivation. If the hydrogen atmosphere 
above a stationary inactive anode is replaced by oxy- 
gen, the contact angle again becomes 0 b n d  the height 
of the meniscus 0.40 cm. 

3. At 723'K hydrogen diffuses mainly to the reaction 
site by a combination of diffusion along the interface 
of platinum and molten carbonates and/or diffusion 
through the bulk platinum. 

4. Hydrogen apparently does not diffuse in appre- 
ciable amounts through the 723°K molten-carbonate 
film which may be present above the meniscus. 
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The Anodic Oxidation of Manganese Oxides in 
Alkaline Electrolytes 

Hong Y. Kang and Charles C. Liang* 

P. R. Mallow & Co., Inc., Laboratory for Physical Science, Burlington, Massachusetts 

ABSTRACT 

- Manganese dioxide electrodes are discharged in electrolytes of 1M to 10M 
KOH and immediately reoxidized anodically. The efficiency of the oxidation, 
determined by chemical analysis as well as subsequent cathodic reduction, 
is a function of the concentration of KOH and decreases as the KOH concen- 
tration increases from 1M to 10M KOH. In 1M KOH, MnOz is reduced to a 
species tentatively identified as an active form of manganese (111) oxide, 
which can be efficiently reoxidized to MnO2. In 10M KOH, however, MnOz 
is reduced first to manganese (111) oxide and subsequently to manganese (11) 
oxide. This manganese (11) oxide can be recharged only to an inactive form 
of manganese (111) oxide which is not reoxidized efficiently to MnOz. 

The cathodic reduction of manganese dioxide in studied the discharge process of electrodeposited man- 
alkaline electrolytes has been investigated by a num- ganese dioxide on spectroscopic grade graphite rods in 
ber of authors (1-5). Kozawa and co-workers (1,2) pure KOH solutions in the absence of the zinc elec- 

Electrochemical society Actlve Member. trode. Boden et al. (3), Cahoon and Kover (4), and 
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Bell and Huber (5) investigated the same process for 
the pressed MnOz-graphite electrode with and with- 
out zinc electrodes present. Kozawa et al. (1,2) ob- 
served a two step reduction while other authors (3,5) 
observed a three stage reduction in their systems. 

The manganese dioxide electrode of rechargeable 
batteries (6-11) has also received some attention. 
Koval and Vorobeva (11) studied the anodic oxidation 
of a mixture of manganese oxide and nickel or iron 
hydroxide in alkaline electrolytes. They found that 
the efficiency of the oxidation of the electrode ranged 
from 6 to 20% and was dependent on the nature of the 
anion in the manganese salt used for the preparation 
of the electrode. However, no attempt was made by 
these authors to analyze and identify the products of 
the oxidation. 

In view of the growing interest in the manganese 
dioxide-alkaline system in the secondary battery field, 
it was desirable to investigate the electrochemical be- 
havior of the discharged manganese dioxide electrode. 
In the present work, electrodeposited manganese di- 
oxide on graphite was first cathodically reduced in 
pure KOH solutions, then the anodic oxidation of the 
reduced electrode was studied under various condi- 
tions. The presence of a Zn electrode or ZnO in the 
KOH solution was avoided to eliminate any additional 
complications in interpreting the data. 

Experimental 
Prepmation of the MnOz electrode.-Manganese di- 

oxide was electrodeposited on 3.2 mm diameter spec- 
troscopic graphite rods (AGKSP). The electrodeposi- 
tion conditions were similar to those used by Nichols 
(12). Electrodes were plated at an apparent current 
density of 2 ma/cm2 for 1500 sec from a solution con- 
taining 50g of MnS04 . Hz0 and 65g of HzS04 per 
liter at 80" f 1°C. The electrodeposited manganese 
dioxide electrodes were washed thoroughly with dis- 
tilled water and were kept in distilled water for at 
least 48 hr before use. From the chemical analysis by 
the method described below, 6.0 5 0.3 mg of MnOz per 
electrode were obtained giving 1.97 f 0.02 for the x 
value in MnO, 

Constant current experiments.-The manganese di- 
oxide electrodes were discharged and charged in KOH 
solutions. A platinum wire was used as the counter 
electrode in an H-cell with a sintered glass frit sepa- 
rating the two compartments. The discharge and 
charge processes were carried out at room tempera- 
ture (25" f 1°C) at constant current densities sup- 
plied by an E/M Model C614 constant current power 
supply. The working electrode potential during the 
electrolysis was measured against a Hg/HgO electrode 
in the same solution as the electrolyte by means of an 
E-H Model 250 electrometer. The potential-time 
curves were recorded by a Varian G-14 recorder. All 
the potentials reported in this paper are referred to 
the Hg/HgO electrode immersed in KOH of the same 
concentration as the electrolyte. 

Chemical analyses of the electrodes.-The oxidation 
state of manganese on the electrode was determined 
from the chemical analysis as follows: The sample 
electrode was put in '50 ml of 6N HCl containing ap- 
proximately Ig of KI. The HC1 solution was well de- 
aerated in advance by bubbling argon through it. The 
bubbling was continued until the manganese oxides on 
the electrode were completely dissolved. The oxidation 
power of the sample, i.e., the amount of manganese 
oxides that oxidized iodide was then measured by a 
titration of the liberated 12 with a standard 0.10N 
Na~S203 solution using a microburet. After the titra- 
tion, the total content of manganese in the solution 
was determined by the colorimetric analysis of the 
permanganate produced from the oxidation of Mn+ + 

by KI04 (13). The x value in MnO, was calculated 
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from the total manganese content and the oxidizing 
power. 

X-ray diffraction.-The manganese dioxide elec- 
trodes which had been subjected to discharge and re- 
charge under various conditions were washed with 
distilled water until free from hydroxide ion. The elec- 
trodes were then dried in a vacuum oven at 60'-70°C 
for about 18 hr prior to the x-ray analyses. Debye- 
Scherrer x-ray powder photographs of the samples 
were made using standard techniques (Fe Ka radi- 
ation). 

Results and Discussion 
Manganese dioxide electrodes were discharged in 

various KOH solutions at a constant current density 
to a potential of -1.0v, whereupon the current was 
immediately reversed and the electrodes were charged 
anodically to various potentials. The current density 
used in these experiments were ranged from 0.2 to 2 
ma/cmz of apparent surface area. The electrodes were 
then removed from the solution, and the oxidation 
state of manganese on each electrode was determined. 
The oxidation states of manganese thus determined 
were compared with those based on the total charge 
involved in the electrochemical process. Results of 
these comparisons, are shown in Tables I and 11. The 
recharge efficiency, expressed as the fraction of oxi- 
dized manganese to the total amount of oxidizable 
manganese, is also shown in the tables. These results 
indicate clearly that the rechargeability of the elec- 
trode was affected by the concentration of the KOH 
solution. The higher the concentration of the electro- 
lyte the more difficult it was to reoxidize the elec- 
trode to manganese (IV) oxide. It also can be seen 
from Table 11, in the range of current density studied, 
the general pattern of the electrochemical behavior 
was not affected by the current density. 

It is also noted in Table I that when the manganese 
dioxide electrode was cathodized to the potential of 
-1.0~ the oxidation state of manganese on the elec- 
trode or the depth of discharge differed in different 
KOH solutions. This is in agreement with the observa- 
tions made by Kozawa and Yeager (1). The reduction 
of manganese (IV) stopped at manganese (111) when 

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

density of 1 ma/cmZ 

Potential X in 
at the MnOa 

Anodira- end of in electrode Per cen* Per cenr 
KOH con- tion time charge MnOp Mnin 
centratxon, at 1 ma/ volt (us. Analy- Calcu- recovery electro- 

M cm* sec Hg/HgO) tical latedl efficiency lyte 

Initial* 
0.2 
0.4 
0.6 

Initial 
0.2 
0.4 
0.6 

Initial 
0.2 
0.4 
0.6 

Initial 
0.2 
0.4 
0.6 

Initial 
-0.3 

0.2 
0.2 
0.4 
0.55 

1 Calculated on the basis of the total charge (current X time) 
involved in discharge and recharge, and the total amount of Mn 
in the electrode 

$Fraction of oxidized manganese to the total amount of manga- 
nese oxidizable to MnOn. 

'Fraction of manganese in the electrolyte at the end of each 
electrolysis to the total amount of manganese initially Present. 

4 Initial state of the electrode is that obtained by cathodically 
discharging the original MnO* electrode to -1.0~ (us. Hg/HgO) In 
each KOH solution. 
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Table II. Recharge efficiency of the discharged monganese dioxide 
electrode at  different current densities 

Apparent Cut-off X in MnO. Per cents 
current .KOH Con- Anodi- potential MnOr 
density centration, zation volt (as. Analy- Calcu- recovery 
ma/cml M time. sec Hw'HgO) tical latedl efficiency 

Initials 
0.2 
0.4 
0.6 

Initial 
0.2 
0.4 
0.6 

Initial 
0.2 
0.4 
0.6 

Initial 
0.2 
0.4 
0.6 

I Calculated on the basis of the total charge involved in discharge 
and recharge, and the total amount of Mn in the electrode. 

"Fraction of oxidized rnannanese to the total amount of oxidiz- 
able manganese. 

*The initial state of the electrode is that obtained by cathodical- 
ly  discharging the original Mn& electrode to -1.0~ (vs. Hg/HgO) 
at 1 ma/cm' in each KOH solution. 

the manganese dioxide electrode was discharged to 
-1.0~ in 1M KOH or to -0.4~ in 10M KOH. Further 
reduction from manganese (111) to manganese (11) 
occurred when the discharge was carried out in 10M 
KOH to the potential of -1.0~. It was concluded by 
these authors (1) that the second step discharge from 
manganese (111) to manganese (11) occurred through 
the dissolution of manganese (111) oxide in 10M 
KOH followed by reduction of Mn(II1) in solution to 
Mn(I1) and reprecipitation of manganese (11) in solu- 
tion to solid manganese (11) oxide. The absence of 
the second step reduction in dilute KOH solutions was 
explained as the result of insolubility of manganese 
(111) oxide in dilute solutions (14). 

In addition, the different KOH concentrations re- 
sulted in distinctive potential-time curves. This is 
well illustrated by Fig. 1 where two typical curves, 
viz., one for 10M and another for 1M KOH, are shown. 
The dotted lines show the second discharge curves 
following the anodic oxidation. It is seen that in 10M 
KOH the recharge curve showed two plateaus whereas 
in 1M KOH no distinct plateau appeared in the re- 

Fig. 1. Potential-time curves of the manganese dioxide electrode 
at a constant current density of 1 ma/cm2; (a) in 10M KOH; (b) 
in 1 M  KOH. - First discharge and charge; - - - - - second 
discharge. 

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

The different behavior patterns of manganese oxides 
during their anodic oxidation in different KOH solu- 
tions may be attributed either to the effect of KOH 
concentration on the oxidation or to the depth of dis- 
charge at the initial point of the anodization. The ob- 
servations shown in Fig. 2 seem to support the latter 
case. Figure 2a and 2b show the cases where the re- 
oxidation of the discharged manganese dioxide elec- 
trode was started from the manganese (111) state. 
Figure 2c shows the recharge curve in 1M KOH when 
the initial oxidation state of manganese was the man- 
ganese (11) state. These time-potential curves clearly 
indicate that when the recharge following the dis- 
charge was carried out in the same solution the KOH 
concentration affected the anodic oxidation of the dis- 
charged manganese dioxide electrode only in that it 
brought about different depths of discharge. The 
depth of discharge at the initial point of the anodic 
oxidation determined the characteristics of the charge 
process. The chemical analyses of the oxidation states 
of manganese in these cases (Fig. 2) also supported 
the conclusion that the depth of discharge was re- 
sponsible for the different behavior patterns during 
the anodic oxidation. For instance, when the recharge 
was started from manganese (11) state, even if it was 
carried out in 1M KOH (Fig. Zc), the oxidation state 
of manganese at the end of anodization was about the 
same as that for the case of 10M KOH. 

A necessary consequence of the above conclusion is 
that the manganese (111) oxide produced from the 
cathodic reduction of manganese dioxide was more 
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Fig. 2. Potential-time curves of the MnOz electrode at  1 ma/cm'; 
(a) Both discharge and charge in 10M KOH. (b) Discharge in 1 M  
KOH, recharge in 10M KOH. (c) Discharge in 10M KOH, recharge 
in 1M KOH. - First discharge and charge; - - - - - second 
discharge. 
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active to the anodic reoxidation than the man- 
ganese (111) oxide formed by the anodic oxidation of 
manganese (11) oxide. Indeed either in 10M KOH or in 
1M KOH the anodic oxidation beyond manganese 
(111) oxide was inefficient when the initial material 
of the oxidation was manganese (11) oxide. While 
manganese (111) oxide from the cathodic reduction of 
manganese dioxide was efficiently reoxidized to man- 
ganese dioxide in either 10M KOH or 1M KOH.1 

Attempts to distinguish the two forms of electro- 
chemically different manganese (111) oxide employing 
the x-ray diffraction technique were not successful 
because both the samples showed similar x-ray pat- 
terns corresponding to r-MnzOs. However, it was also 
found that both forms of manganese (111) oxide in- 
cluding the originally active one were inactive to the 
anodic oxidation to manganese dioxide after they 
were subjected to the washing and drying processes 
of the sample preparation for the x-ray analysis. Evi- 
dently, one or both of the manganese (111) oxides 
changed in crystal structure during the sample prepa- 
ration, with a corresponding change in electrochemical 
behavior. Hence, in the present paper, the differen- 
tiation between the two forms of manganese (111) ox- 
ide is made primarily on the basis of electrochemical 
data. 

It was proposed by Kozawa et al. (1,2) that the mech- 
anism of the first step discharge of MnOz.0 to MnO1.s 
is a homogeneous phase reduction and that the product 
of this step is a-Mn00H. In the present work it 
was found that the anodic oxidation was always effi- 
cient whenever the preceding discharge of the man- 
ganese dioxide electrode was stopped at the point 
where one could expect a-MnOOH to be produced. 
Therefore, it seems logical to conclude that the active 
manganese (111) oxide which can be efficiently re- 
oxidized to manganese dioxide was a-Mn00H. Both 
r-MnOz and a-MnOOH have the same rhombic crystal 
structure. And since the mechanism of the cathodic 
reduction of r-MnOz to a-MnOOH is a homogeneous 
phase reaction, it is probable that the anodic oxida- 
tion of a-MnOOH to r-MnOz was a homogeneous phase 
process also. 

The two forms of manganese (111) oxide may differ 
only in physical properties which lead, e.g., to differ- 
ences in the contact areas between the depolarizer and 
the conductor, or in chemical reactivity and identity 
with its consequences. Differences probably exist be- 
tween the physical properties of the two forms of the 
oxide in view of the different paths leading to the two 
oxides. The active form was produced from 7-MnOz 
through a homogeneous phase reduction, and the in- 
active form was produced from r-MnOz after it had 
undergone such processes as (a) a first step reduction, 
(b)  a second step reduction which included (i) disso- 
lution of manganese (111) oxide, (ii) solution reduc- 
tion, and (iii) reprecipitation of manganese (II), and 
(c) reoxidation of manganese (11) oxide which may 
include again dissolution and reprecipitation. These 
processes most likely resulted in changes in the con- 
tact areas between the oxide and the substrate, in the 
particle size of the oxide, and in the site of deposition 
of the oxide. However, the electrochemical similarities 
between the electrodeposited manganese dioxide elec- 
trodes and the pressed manganese dioxide-graphite 
pellet electrodes suggested that these physical condi- 
tions alone could not be the decisive cause for the dis- 
tinctive electrochemical behavior patterns of two 
forms of manganese (111) oxide. 

This leaves the possibility that the two forms of the 
oxide differed in chemical identity. If this were the 
case, a possible chemical identity of the inactive form, 
among others, is r-MnzO3 according to the x-ray dif- 

1 We shall refer the manganese (111) oxide which can be effi- 
ciently reoxidized to manganese dioxlde as active forni and the 
one which cannot be efficiently reoxidized to manganese dioxide 
as inactive form. Notice that both of these manganese (111) oxides 
are active to the cathodic reduction to manganese (11) oxide. 

Fig. 3. Potential-time curves (charge and discharge) a t  1 
ma/cmZ in 10M KOH. (a) - Electrodeposited MnOz elec- 
trode discharged to - 1 . 0 ~  (vs. Hg/HgO); (b) - - - - - yMnz03 
electrode made from the electrodeposited MnOz electrode by dis- 
charging it  to manganese (11) oxide, then charging i t  to manganese 
( I l l )  oxide, and washing and drying; it  was identified by x-ray 
analysis. 

fraction patterns discussed in the previous section. The 
data in Fig. 3 support this conclusion. In this series of 
experiments, the electrochemical behaviors of the 
7-MnzOa electrode and that of the inactive Mn(II1) 
oxide electrode were compared. The 7-MnzOs elec- 
trode could be prepared according to either of the 
following procedures. 

1. An electrodeposited MnOz electrode was catho- 
dized to - 1 . 0~  then anodized to 0 . 2 ~  in 10M KOH. 
After the electrochemical treatment, the electrode was 
washed thoroughly and dried at  about 60°C. 

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

Chemical analyses showed that the empirical for- 
mula of the manganese oxide in these electrodes was 
Mn01.5to.oz and the x-ray diffraction patterns proved 
that these were indeed 7-MnzO3 electrodes. The po- 
tential-time curves for the anodic oxidation and the 
subsequent cathodic reduction of the 7-MnzO3 are 
shown by the dotted curves in Fig. 3. When the elec- 
trode was anodized to +0.6v where the evolution of 
0 2  began to be visible, the oxidation state of man- 
ganese was analytically determined as 3.2 & 0.04, 
These results clearly indicated that y-MnzO3 could not 
be efficiently oxidized to MnOz under the experimental 
conditions. This fact was also shown by the subsequent 
discharge curve. Most of the discharge process oc- 
curred at the potential near -0.4~ where MnOl.5 to 
MnO took place. When the potential-time curves for 
the anodization and subsequent cathodization of the 
Mn(I1) oxide electrode (solid line in Fig. 3) were 
compared with those of the 7-MnzO3 electrode, it re- 
vealed that they were superimposable after the 
Mn(I1) oxide electrode reached -0.2~ where the man- 
ganese oxide became Mn(II1) oxide. Based on the 
similarity of the electrochemical behaviors of these 
Mn(II1) oxides, it is suggested that the manganese 
(111) oxide produced during the anodic oxidation of 
manganese (11) oxide in 10M KOH was most likely 
r-MnpO3. In view of the fact that r-Mn203 and 
Mn(0H)z have different crystal structure and that 
both Mn(0H)z and MnzO3 dissolve in 10M KOH, the 
anodic oxidation of the manganese (11) oxide to the 
manganese (111) oxide probably involved dissolution, 
solution oxidation, and reprecipitation. 

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

7-MnOz 
II 

a-Mn00H + Mn(II1) (in solution) e 7-MnzO3 
II 

Mn(I1) (in solution) e Mn(OH)z 
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The first step oxidation of Mn(0H)z to manganese 
(111) oxide may involve the dissolution of man- 
ganese (11), its solution oxidation to manganese (111) 
followed by the precipitation of manganese (111). The 
precipitated form of manganese (111) is thought to be 
7-Mnz03 which is inactive to further oxidation. When 
the discharge process of 7-MnOz is stopped at the end 
of the first step the reoxidation of the product man- 
ganese (111) oxide which is a-MnOOH is efficient. 
Also, once manganese (111) dissolves in KOH solu- 
tion, reprecipitation to e-MnOOH seems to be in- 
hibited. 
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ABSTRACT 

The system Sb~03-SO3-Hz0 has been investigated in the HzSO4-molarity 
range 0 < M < 12.7. Five distinct basic antimony sulfates, previously unre- 
ported, have been identified. The chemistry and crystallography of these salts 
have been established and their ranges of stability in HzS04 determined at 
room temperature and at  the boiling point of the acid. Earlier experimental 
findings suggesting large amounts of bound crystallization water in these com- 
pounds have been disproved. 

The ternary system Sb~O~-S03-Hz0 has not been 
studied extensively. The few reports providing sub- 
stantial data are those published by Adie (1) in 1890 
and more recently by the Russian workers Tananaev 
and Mizetskaya (2) and Veller and Sob01 (3). The re- 
sults reported on the chemical composition of the 
basic antimony sulfates are inconsistent and contra- 
dictory. The system is of theoretical and practical 
interest, however, since solutions of antimony or 
antimony trioxide in sulfuric acid are widely used in 
analytical procedures and in industry for producing a 
variety of antimony compounds and more recently in 
the development of a new battery system (4). This 
latter application has stimulated a more thorough 
study of the Sbz03-SO3-HzO system at medium and 
low sulfuric acid concentrations. 

The chemical compositions and crystal structures 
are well established for the two modifications of Sbz03, 
i.e., Valentinite (orthorhombic) and Senarmontite 
(cubic) and for the normal sulfate Sbz(S04)3 (5,6). 
The composition of the basic sulfates, derived from 
Sbz(S04)a as a hydrolysis product or produced by re- 
acting Sb203 with polyhydrated sulfuric acid, HzS04 
x HzO, are uncertain. According to a comprehensive 
treatise on this subject (7), the normal sulfate 
Sbz(SO4)3 is obtained in HzS04 . 1 HzO. By hydrolyz- 
ing this salt in cold water 2Sbz03 . SO8 is formed, by 

I Present address: Laboratoire Suisse de Recherches Horlog6res. 
Neuchatel. Suisse. 

Electrochemical Society Active Member. 

hydrolyzing it in hot water 7Sb20 . 2S03. In the acid 
range HzSO4 2H20 (12.3M) to HzS04 . 4HzO (8.7M) 
Sbz.03 . Hz0 is said to be formed at room temperature 
while Sb203 is formed on heating. Further dilution 
leads to the precipitation of hydrated antimony tri- 
oxide SbzOs . 3Hz0. 

The Russian investigators (2, 3) obtained an even 
larger number of basic antimony sulfates by hydrol- 
ysis of the Sb, (S04)3. At concentrations lower than 8.6- 
10.7M compounds like Sbz(SO4)s . y Hz0 are 
formed at room temperature with y being 5 or 10, and 
compounds like Sbz03 . x SO3 . y Hz0 at  100" and 
155'C with x/y ratios of 2.5/24, 6/23, 20/100, 28/93, 
and 31/13, respectively. 

The primary purpose of the Russian work was the 
determination of the solubility limits of trivalent 
antimony in aqueous sulfuric acid of various concen- 
trations, rather than to investigate the composition 
of the solid phases formed during the reaction. The 
authors themselves regard the results of the proposed 
stoichiometry of the reported basic antimony sulfates 
as only an approximation. Hence not much accurate 
information exists on the chemical composition of 
basic antimony sulfates and none on their crystal- 
lography. 

Experimental 

The Sb~03-SOs-Hz0 system requires a long time 
to reach equilibrium condition, i.e., several months at  
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room temperature and several days at  boiling tem- 
perature of the solution. If equilibrium conditions are 
not attained, mixtures of basic sulfates will result 
and will make subsequent chemical analyses inac- 
curate. This is one possible source of error to explain 
the laok of consistency in the results of previous 
workers. In addition, once formed, the solid equilib- 
rium reaction product is difficult to isolate from the 
mother solution in a pure state without further hydro- 
lyzing it or otherwise changing it in the course of the 
washing procedure. Some workers (1, 3) omit wash- 
ing the crystalline solid phase with any solvent at all. 
They attempt to remove the adherent film of mother 
liquid on the crystal faces by sedimentation, centrifu- 
gation, or drying between porous plates. None of these 
methods is effective enough, and it is obvious that the 
chemical analyses obtained with these procedures are 
inaccurate and unreliable. 

We found that the high basic sulfates, produced at 
very low H2S04 concentrations, could be washed ef- 
fectively with cold water and the medium and lower 
basic sulfates with absolute methanol, without chang- 
ing the structural features of these salts. X-ray pow- 
der diffraction patterns obtained on the reaction prod- 
uct before and after the washing procedure proved 
to be a sensitive means of detecting any change in the 
structure, and thus the chemical composition of the 
original salt, due to hydrolysis or solvolysis. 

The experiments were carried out with reaction 
mixtures of log Sbz03 in 1 liter HzS04 of different 
concentrations in the molarity range 0 < M < 12.7. To 
obtain equilibrium conditions, the mixtures were 
either stored in glass stoppered Pyrex glass bottles 
at room temperature for 3 to 6 months or heated to 
the boiling point in Pyrex reaction kettles with re- 
flux condensers for 15 to 25 days. Fisher Certified 
Analytical Chemicals were used. Prior to use the Sbz03 
was dried at  110°C in air for 5 hr. Its x-ray diffrac- 
tion pattern agreed with that published by ASTM for 
Senarmontite. 

The equilibrium reaction products were filtered 
through a Gooch crucible of 8-10e pore size. A sample 
was taken from the still wet residue for x-ray pow- 
der diffraction, and some crystals were selected for 
single crystal analysis for use with a Weissenberg 
camera. They had a prismatic shape with dimensions 
of about 0.4 mm in one direction and 0.1 mm in the 
two others. The powder pattern, obtained on a Norelco 
diffraction unit using Nickel filtered Copper K a ra- 
diation, served to establish the stability ranges of 
basic antimony sulfates in sulfuric acid of different 
molarities at room and boiling temperature of the 
solutions. It was used further to determine if an equi- 
librium state actually had been attained and a single 
pure phase had been formed or if the reaction product 
consisted of more than one solid phase. Finally, it 

served a reference pattern to confirm whether the 
washing procedure instigated any structural changes 
of the salt formerly in equilibrium with its solution. 
Single crystals, representative of each structure type 
that was stable in a given acid range, were used for 
microscopical investigations and for the determina- 
tion of the density by the wet pycnometer method 
using methyl-benzoate ( p  = 4.69 g/cm3) at  27". The 
unit cell dimensions, the space group, the number of 
asymmetric units per unit cell, and the x-ray reflec- 
tions for each structure type were established by 
single crystal x-ray diffraction methods. 

The remaining residue was washed either in cold 
water or absolute methanol while still in the crucible 
and dried in air. Samples from this product were 
chemically analyzed. The solvents for Sbz03 found 
in the literature (1, 8) could not be applied to the 
basic antimony sulfates. These were neither com- 
pletely soluble in NH4C1, NH4N03, nor in molten 
Na2C03. They were soluble in HCl; however, an in- 
soluble basic chloride precipitated simultaneously. 
Addition of tartaric acid almost completely prevented 
basic chloride formation. Nevertheless, a slight tur- 
bidity of the solution could not be avoided. All basic 
antimony sulfates investigated were found entirely 
soluble when heated in a slightly alkaline solution of 
NazS or (NH4)zS. Acidifying this solution with HC1 
precipitated antimony as Sb2S3 which could be de- 
termined gravimetrically as such. The S04= content 
was determined in the filtrate as BaS04, the water of 
hydration as the balance. The mean error of deter- 
mination of Sb and S04= carried out on blanks was 
smaller than f 2 and f 4%, respectively. 

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

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

where M = molecular weight of one asymmetric unit 
in the unit cell; &, b,, c, = unit cell dimensions in 
Angstrom units (A); p = density of the pure phase 
in g/cmS; N = Avogadro's number; 1/N = 1.6606 . 
10-24 = weight of g in a hypothetical atom of atomic 
weight 1.000; and z = number of asymmetric units in 
the unit cell. Combining these results with those ob- 
tained from the chemical analyses, i.e., the Sb/SOa 
ratio of the molecule, the actual chemical formula of 
the compound could be derived. Thus five distinct 
basic antimony sulfates were identified in the HzS04 
range 0 < M < 12.7. These .sulfates are tabulated in 
Table I together with some crystallographic, chem- 

Table I. Chemistry and crystallography of basic antimony sulfates 

Structure type A B C D E 

Crystal system Orthorhomblc Orthorhomblc Orthorhombic Orthorhomblc Orthorhomblc 

Space group ~rnmn-D,? ~rnmn-D? pmmn-~:; pmmn-D: ~rnrnn-Df 
Asymmetric units 
Unit cell dim, A. a. 

4 8 4 4 8 
14.83 14.26 12.03 13.23 15.35 

Co 
Unit cell vol, cma 
Density, g/cma 
Weight of unit cell. g 
Multiple of M, cU 
Actual M 
Observed % Sb 
Observed % SO,= 
Observed Sb/SO,= 
Derived chem. formula 



12 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE January 1968 

Table II. Stability ranges for basic antimony sulfates in HzSO? at  
room temperature and the temperature of the boiling solution 

H~SOI molarity 
range. M 

Structure At room At bailing 
type howsed temper- temper- 
formed chemical formula ature ature 

I - Sbas, cub 0-0.4 0-0.25 
I1 A and/or B SW:, . [lSbO)rSO~l or 0.5-2.5 0.25-2.0 

2SbyOa. Son 
111 A S b a  . t (SbO)~S0,1  or 2.6-4.2 

2SWs. son 
IV C SbrO., . L(Sb0)8O4Izor 4.3-6.9 2.0-6.5 

3SblO:c. 2501  
V D I iSbO)cSO~l~t or 7.0-10.2 6.5-9.6' 

* A mixture of D and E is formed at 9.6 < M < 10.2. 

ical, and physical properties. The stability ranges for 
the basic antimony sulfates at room temperature and 
at the boiling point of the acid are reported in Table 
77 
11. 

At boiling temperatures, the basic antimony sulfates 
form larger crystals and purer reaction products than 
at room temperature. In the acid range I1 (Table 11) 
seeds of the structure-type A preferentially formed at 
room temperature, those of the type B in the boiling 
acid. Thus the activation energy for the formation of 
nuclei of the A-type basic sulfate is smaller than for 
the B-type sulfate at room temperature and vice versa 
at the boiling point of the solutions. A mixture of both 
salts is formed at intermediate temperatures. Once 
nuclei of one kind are formed, however, the crystals 
grow in the crystal habit of the seed, independent of 
temperature changes that occur during the reaction. 
Hence the free enthalpy of formation of both salts 
must be very similar. 

The molarity range 12.7 < M < 15.3 was not investi- 
gated. The normal antimony sulfate Sbz(S04)a was 
obtained on heating Sb203 in an acid 18.7M, i.e., con- 
centrated HzS04. No experiments were carried out to 
hydrolyze this salt in successive steps. 

In conclusion, within the sulfuric acid molarity 
range 0 < M < 12.7 none of the five sulfates isolated 
contains any water of crystallization. This result was 

confirmed also by thermal decomposition analysis of 
these salts at  550°C in a He-stream. The reaction 
products were Sbz04, SbzO3, and SO2 in each instance; 
no water was found. Earlier experimental findings 
suggesting large amounts of crystallization water in 
these sulfates are thus disproved; the water must have 
been just adsorbed in the form of a sulfuric acid fiim 
on the surface of the crystals not properly removed 
during separation. This is supported by the proposed 
chemical formulas of the basic antimony sulfates re- 
ported by other authors which show that the Sb/S03 
ratios of compounds obtained in acid concentrations 
equal to ours are consistently smaller than corresponds 
to the formulas proposed in this work. This can be 
explained again in terms of adsorbed layers of dilute 
HzSOa at  the crystal surfaces of the reaction product. 
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ABSTRACT 

A comparison of the oxidation of (001) and (112) surface single crystals of 
iron at 350'C and 20 Torr oxygen has been made. The (001) oxidizes more 
rapidly than the (112). Cubic Fez03 persists for a longer time on the (001) 
than on the (112). The orientation of the underlying magnetite remains con- 
stant on both crystals for up to 100 min. With both orientations the a-Fez03 
starts out as a highly oriented oxide, but on the (112) it becomes randomly 
oriented at the surface after 50 min. The oxide on the (001) is more firmly 
adherent than on the (112). In both cases there appears to be an intermediate 
layer of "7-FezO3" between the FesOl and a-FezO3. The cross sections of the 
oxides, as revealed by replica electron microscopy, are different but typical 
for the two orientations. 

A study of the kinetics of oxidation of the various ening of the oxide was followed by observing the in- 
orientations of an iron single crystal in the range of terference colors, a procedure similar to that of Mehl 
250"-550'C and 10-760 mm oxygen has been reported and McCandless in their lower temperature work (2).. 
by Wagner, Lawless, and Gwathme~ (1). The thick- In the temperature region studied the oxide formed 

'Former Post-Doctorate Fellow. Present address: Atomic Energy is usually at least two phases, and the interference 
of Canada Ltd.. Chalk River, Ontario, Canada. 

Electrochemical Society Active Member. color method has certain limitations (3, 4). 
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In this paper the results of some experiments on 
the oxidations of two single crystals of iron of widely 
different orientation at 350°C are reported. Weight 
gains were sufficiently high to measure by microbal- 
ance weighing. At this temperature both a cubic ox- 
ide and a-Fez08 are formed, and the amounts of 
these oxides were measured by a combination of 
weighing and cathodic reduction. The crystal structure 
and orientation of the oxides were determined by 
reflection electron diffraction. 

Experimental 
The ox?dation apparatus and procedure have been 

described fully previously (5). All experiments were 
done at 350°C and a pressure of 20 Torr of oxygen. 
The specimens were first electropolished (6) and then 
brought to temperature in a vacuum of 10-5 to 
Torr. Blank experiments showed that there was no 
visible change in the appearance of the specimens 
nor a measurable weight gain during this period. 
Oxygen was then admitted rapidly. The experiment 
was stopped by removing the furnace and cooling the 
quartz tube with water. Specimens were weighed be- 
fore and after oxidation on a Mettler microbalance. 

The specimens were strain-annealed Ferrovac E2 
single crystals. Two orientations, (001) and (112) 
were used. Surface areas were approximately 10 cm2. 

The amount of reducible oxide was measured using 
the electrolytic reduction method of Oswin and Cohen 
(7). The solution was 0.15N boric acid adjusted to a 
pH of 7.58 with sodium borate. A current density of 
approximately 10-11 pa cm-2 was used and potentials 
are reported us. the saturated calomel electrode. The 
amount of reducible oxide was determined both by 
weight loss and by a measurement of Fe+ + in solution. 

Reflection electron diffraction was done in a G. E. 
diffraction apparatus using a camera length of 50 cm 
and an accelerating voltage of 50 kv. Replicas for 
electron microscopy were made using the two-stage 
formvar, platinum-carbon technique. 

Results 
The weight gain-time curves are shown in Fig. 1. 

The total weight gain was determined from the differ- 
ence in weight before and after oxidation. The re- 
ducible oxide was determined both by weight loss due 
to cathodic reduction and by colorimetric analysis of 
ferrous iron in solution assuming a cathodic reduc- 
tion reaction of 

Fez08 + 3Hz0 + 2e + 3Fet + + 6 OH- 
These two numbers were then averaged. The mag- 

netite was determined by difference. 
It can be seen that both the over-all weight gain 

and the final rate of oxidation are higher with (001). 
than the (112) surfaces. In both cases there is a rapid 
formation of Fez03 which then remains fairly constant 
in amount, while the FeOc increases until both ox- 
ides are approximately equal in amount at 100 min. 
In both cases there is a very rapid weight gain in the 
first 4 min. After this time the curves are approxi- 
mately parabolic. 

Cathodic reduction curves for the two crystals oxi- 
dized for various lengths of time are shown in Fig. 
2 and 3. In both cases a definite r-Fez03 wave (-300 
to -400 mv) is observed with specimens oxidized for 
less than 100 min. The main Fez03 wave is that for 
a-Fez08 at about -600 mv. The final potential drop 
in all the curves is toward the Fes04 potential. This 
drop is best defined for specimens which have been 
oxidized for the longer times. The amounts of reduc- 
ible oxide as determined by both gravimetric and 
colorimetric analysis and the current efficiency of 
cathodic reduction are given in Table I. 

The specimens were examined by both electron dif- 
fraction and electron microscopy after oxidation and 
"Ferrovac E: CO.OO?%, Mn-0.0002. Si-0.0015, Cr4.0002. Ni- 

0.0009, A1-0.0005. P--0.003. 

Fig. 1. Weight-gain time curves for the (001) and (112) crystals. 
Total, 0 Fe304, 0 F-03. 

I I I I I I ~ I ~ ~ ~  
COULOMBS/CK~X 10' 

Fig. 2. Cathodic reduction curves of Fez03 on (001) after various 
oxidotion times. 

after cathodic reduction to the magnetite, Fig. 4. Once 
again there was a marked difference in behavior be- 
tween the two orientations. In the case of the (001) 
surface there was some evidence for a cubic oxide in 
the outer layer even after oxidation for 100 min. At 
4 min the pattern was predominantly cubic. On the 
other hand with the (112) crystal the cubic pattern 
was extremely weak or had disappeared after about 
15 min oxidation. Even at 4 min the diffraction pat- 
tern was predominantly that of a-Fe20.q. In both cases 
the patterns from the magnetite layers were character- 
istic of a highly oriented microcrystalline material and 
were essentially unchanged from 4 to 100 min. The 
pattern from the outer a-Fez03 layer showed evidence 
of random orientation at longer times of oxidation, 
particularly with (112) crystals. The relative orienta- 
tions are the same as those reported previously (8). 

The topographical features of the oxides on the two 
orientations were also markedly different, as shown 
in Fig. 5 and 6. On the (001) surface the outer layer 
was essentially smooth at 4 min and there was some 
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roughening at 100 min. The underlying magnetite had 
a cross-hatch structure, similar to that observed by 
Laukonis (9) for thick oxide films, from the begin- 
ning. On the (112) surface both the outer and inner 
layers have parallel ridges which seem to become 
more accentuated with increased time of oxidation. 
These are similar to the ridges observed by Boggs 
(10) on some grains of polycrystalline iron oxidized 
under similar conditions to these. In both cases the 
thickness of the outer Fez03 layer varied markedly 
over the surface. This is shown schematically in Fig. 
'1. 

It was noted that the adherence of the underlying 
magnetite to the metal on the (112) surface was very 
poor after cathodic reduction of the FezOa. This led 
to some stripping of the oxide with the formvar 
replica. This is shown in Fig. 6 where the darker areas 
are Fe04. It can be seen that the oxide has the same 
structural characteristics as are shown by the replica. 

A number of annealing experiments were made in 
which samples were heated at 350°C in a vacuum of 
10-5 Torr after oxidation was completed. There was 
a marked decrease in the amount of reducible oxide 
and very little change in the shape of the phase 
boundaries. Due to the scatter in the measurements 
no useful kinetic data could be obtained. 

100 

- 0 -  
A 

$ -100- 

Z g -.W- 
> 
5 -300 

> 
; -400 
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-700 

Discussion 
The marked effect of crystal orientation on both the 

over-all reaction rate and the oxide structure which 
was observed at 200' and 260°C (11) is even more 
pronounced at 350°C. In this work it is also seen that 
this. difference is accompanied by distinct variations 
in the shape of the oxide-gas interface and the Fe304- 
Fez03 interface. The oxide on the (112) appears to be 
less adherent at the metal oxide interfaces than the ox- 

I.ll**B 

UllTER 
LAYER 

l N I l l l  
I. o I'K 

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

100 

50 4110 

C O U L O M B S I ~ ~ ~ X  lo3 

Fig. 3. Cathodic reduction cuwes of Fez03 on (112) after vo- 
rious oxidation times. 

Fig. 5. Replicos of outer surface (A) and magnetite surface (0) 
on (001) crystal ofter 100 min oxidation. 

- 

- 

- 

ide on the (OOl), particularly after cathodic reduction 
to the magnetite. Despite these differences the general 
kinetics is that of very rapid oxidation in the first few 
minutes followed by essentially parabolic kinetics for 
the rest of the time. The lack of adhesion on the (112) 
surface may indicate the formation of voids at the 
oxide metal interface which, in turn, would decrease 
the rate of transfer of metal to the oxide and, hence, 
decrease the oxidation rate. This factor, combined with 

5 0  

Table I. Oxidotion of iron single cryshls, (001) and (112) surfaces, ot 350°C in 20 mm oxygen 
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Fig. 6. Replica of outer surface (A) and magnetite surface (0) 
on (112) crystal after 100 min oxidation. Note dark area is trans- 
mission through dripped Fe&. 

Fig. 7. Schematic of cross section through the oxides as de- 
duced from electron micrographs, weight gains, and cathodic re- 
duction. The Fez03 layer is "cathodically reducible oxide" and 
would include the 7-Fez&. A, A,, (001)4 and 100 min; 0, El ,  
(1 12). 

the uneven nature of the Fe304-Fez03 boundaries 
renders a quantitative discussion of the diffusion rates 
fairly fruitless. 

The cathodic reduction curves all show evidence of 
the presence of ?-Fez03 as part of the "reducible ox- 
ide." This is probably not on the surface but is present 
at the Fe304-Fez03 interface as an intermediate phase. 
The cathodic reduction observation is confirmed by 
the reflection electron diffraction. Strong spots char- 
acteristic of a cubic  att tern are observed on the (001) 
crvstal at the end i f  4 min and are still discernible 
after 100 min of oxidation. In contrast to this no dif- 
fraction spots belonging to the cubic oxide are ob- 
served on the (112) crystal after 15 min of oxidation. 
This may be due to the outer layer of a-FezOa on the 
(112) becoming too thick to allow penetration of the 
beam to the underlying r-FqOs or to different shapes 
of the oxide surface on the two crystals. This differ- 
ence in shape is observed by replica electron micros- 
copy. The outer layer of oxide on the (001) is smooth, 
while that on the (112) has a ridgelike structure. The 
difference in shape of the outer layer results in a 
difference in penetration of the electron beam to the 
intermediate cubic oxide. (In the above discussion it 
should not be assumed that the 7-Fez& is a stoichio- 
metric phase but rather something equivalent to 
Fe3-=0( which within some composition range has the 
electrochemical properties of 7-FezOs.) 

The sharp turnover of the weight-gain time curves 
at around 5 min is probably related to the formation 
of a continuous outer layer of a-Fez03 of sufficient 
thickness to lead to a change from an oxidation rate 
which is controlled by cation difision in the cubic 
oxide to control by anion diffusion in the hexagonal 

a-Fez03. As was noted in the results section both the 
initial and final rates of oxidation are higher on the 
(001) than on the (112) crystal. This may be related 
to two factors. First, 7-Fez03 is a larger proportion of 
the reducible oxide on the (001) than on the (112). 
The a-Fe203 is therefore thinner and the final oxida- 
tion rate would be higher. The initially higher oxida- 
tion rate is related to the more difficult transformation 
of cubic oxide to hexagonal oxide on the (001) surface. 
This was also observed at lower temperatures. The 
second factor leading to a lowering of rate on the 
(112) surface is the separation which occurs at the 
metal-oxide interface. Cation diffusion from the metal 
surface outward is accompanied by vacancy diffusion 
toward the metal surface. If the vacancies condense 
to form voids at the metal surface, separation occurs 
between the metal and oxide. This has been observed 
by metallographic techniques for oxidation at higher 
temperatures (12). It would appear that vacancies can 
be destroyed at the metal-oxide interface more easily 
on the (001) crystal than on the (112) crystal. This 
may be related to the fit of the highly oriented oxide 
on the metal. The condensation of vacancies to form 
voids would decrease the oxidation rate by decreasing 
the effective area of the specimen for cation diffusion. 
The resultant lowering of the cation flow with the 
(112) crystal may also result in earlier formation of 
a-FqOt as well as recrystallization of the outer 
a-Fez03 to form polycrystalline oxide. If the final rate 
of oxidation is controlled by the diffusion of oxygen 
through the outer a-FezO3, then the decreased cation 
flow on the (112) crystal would lead to a smaller oxy- 
gen gradient in the oxide and a reduced final rate of 
oxidation. 

The shapes of the Fe304-Fe203 interface appear to 
be characteristic for the different orientations of 
underlying iron. Both Laukonis (9) and Boggs (10) 
have observed similar structures under slightly differ- 
ent conditions of oxidation. The cross-hatch structure 
of the magnetite surface on the (001) crystal may be 
related to the method of nucleation or growth of the 
outer a-FezOl. Both oxides remain highly oriented even 
after 100 min of oxidation. The ridgelike structure of 
both the Fe304-Fez03 interface and the Fez03 surface 
may be related to the mechanism whereby stress is 
relieved in the growing oxide film. 

With both orientations the combination of the shape 
of the phase boundaries and the different diffusion 
mechanisms in the two main oxides make it rather 
difficult or impossible to calculate diffusion coefficients 
with the data at hand. The attempt to measure cation 
diffusion in the magnetite layer by the annealing ex- 
periments was unsuccessful due to lack of reproduci- 
bility in the measurements. 
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The Nucleation, Growth, and Structure 
of Thin Ni-P Films 

J. P. Marton and M. Schlesinger 

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

ABSTRACT 

The nucleation, early growth, and structure of Ni-P on SnC12-PdClz ac- 
tivated dielectric substrates were studied. The SnClz-PdClz treatment was 
found to provide small catalytic sites on the substrate, serving as the nuclei 
for Ni-P growth. The average diameter of catalytic sites was estimated to be 
less than 108,. The microscopic time rate of Ni-P growth on the nuclei was 
found to be constant and the growth to be isotropic. The resulting Ni-P deposit 
in the early stages of growth consists of circular islands. The surface density 
a of islands were affected by activation. In later stages of growth, the cir- 
cular Ni-P islands merged to form a continuous film. The critical film thick- 
ness at which continuity is attained is shown to be a function of a. The struc- 
ture of as-deposited islands, as well as that of fresh continuous film, was 
determined by electron diffraction to be liquidlike. 

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

Deposits from a number of electroless solutions have 
been determined (4) to consist of Ni and P, with 2% 
6 P 4 12% by weight. Fresh bulk deposits were stated 
to have either amorphous liquidlike (5) or fine poly- 
crystalline (6) structures. Fresh film deposits were 
found (9) to be in a liquidlike state. The growth and 
film geometry of fresh Ni-P deposits have not been 
reported. Other electroless films (Co-P and Ni-Fe-P) 
deposited on activated substrates exhibit island-type 
growth and agglomerated structure. Judge et al. (10) 
found a "hemispherical clumpy growth" of electroless 
cobalt, and the surface of electroless nickel-iron films 
yas  reported by Schmeckenbecher (11) to consist of 
an "agglomeration of balls." Frieze and Weil (12) re- 
ported that nucleation of electroless Co-P films oc- 
curred on isolated Pd particles, followed by lateral 
growth to produce a continuous film. 

In our work the nucleation, growth, and structure of 
electroless Ni-P films on activated substrates were 
studied. The geometry of films at various stages of 
growth was determined by transmission electron 
microscopy and the structure by transmission elec- 
tron diffraction. Activation of substrates by SnC12- 
PdClz method results in an island-type growth of 
Ni-P in the early stage, becoming continuous as the 
growth proceeds. The surface density of islands and 
the maximum size of islands varied with the method 
of activation and the wetting property of substrate 
surfaces. The structure of individual islands, ranging 
in size from 200 to 20008, as well as that of continu- 
ous thin films (91, was found to be liquidlike. 

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

were activated by immersion in activating solutions 
at  room temperature. The variations in activation of 

the substrates are shown in Table I. Activated sub- 
strates were immersed in electroless nickel solution 
for Ni-P deposition. The composition of solutions is 
listed in Table 11. Film geometry was not affected by 
variations in the composition, pH, and temperature of 
electroless solutions; therefore only one solution of 
pH = 5.3 was used. Deposition temperature was ad- 
justed to 25" 0.5'C, and the time of deposition was 
varied. 

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

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

Table I. Variations in activation of substrates 

Method (a) DID clean subatrates in activatinn solutlans listed In - ~~ 

Table I1 in succesalon. 
Method (b) Dip clean substrates as in (a) in activating solutions 

modified by the addition of 10 cc/l isopropyl 
alanhol. --. . -. . . 

Method (c) Dip clean substrates as in (a) in activating solutions 
modified by the addition of 5 ccfl Kodak "Photo- 
Flo." 

Table II. Comparition of solutions used in the experiments 

Activating solutions Electroleaa mlutlon 

SnCI. so- SnCls 0.1 g/l Nickel sulphate 28 B/1 
lution HCI 0.1 cc/l Sodium hypophosphite 17 gA 

Rinse: 
Sodium succinate 15 g/l 

H a  at pH = 7 Succinic acid 1.3 g / l  

PdCls so- PdCh 0.1 g/l Solution pH 
lution HC1 0.1 cc/l 

5.3 

Solution temperature 25'C 
Rinse: IU) at pH = 7 
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Formvar substrates were left on the substrates and 
were examined directly. 

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

Results and Discussion 
Nucleation and growth.-The deposition of Ni-P on 

all substrates activated by method (a) in Table I, 
was found to be selective. Deposition appeared to start 
at certain points on the substrate and continue at 
those points only. As deposition progressed, islands 
formed on these nucleation points. If deposition was 
allowed to proceed, the islands grew in size and 
eventually merged to form a continuous film. Figure 
1 is the transmission image of a typical deposit. Parts 
of the deposit are islands, other parts are already 
continuous. In contrast with the island-type growth, 
deposits that were formed on nickel substrates and on 
nickel and palladium coated microscope slides were 
homogeneous and showed no island structure. The 
image of a shadowed surface replica of such a deposit 
is reproduced in Fig. 2. 

These findings show that the surface of a SnC12- 
PdClz treated dielectric substrate is not completely 
activated. The activation is visualized to produce small 
catalytic sites dispersed on the surface, serving as the 
nuclei for Ni-P deposition. The sites are estimated to 
be less than 30A in diameter, as they cannot be de- 
tected in the electron microscope having a point reso- 
lution of 30A. A closer estimate of size of the catalytic 
sites was made indirectly. The diameter 2r of the 
growing Ni-P islands was measured and was plotted 
against deposition time. This is shown in Fig. 3. The 
diameter of catalytic sites was estimated by extrapola- 
tion (dotted line), to be less than 10A. 

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

Fis 
SnCI: 
other 

I. 1. Electron transmission image of a typical Ni-P deposit 
I-PdCIz activated substrate. Parts of the deposit are islan 
parts are continuous. 

on 
ds, 

Fig 
nickel 

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

solid 

Fig. 3. Plot of diameter 2r of the growing Ni-P islands against 
time of deposition. Rate of growth c = drldt is constant. Extra- 
polation (dashed line) at  t  = 0 gives average size of active sites 
to be less than 101. 

The number of activation sites per unit surface 
area r was found different for different substrates. 
The value of r ranged from 10/#2 to 104/p2. The value 
of r was large on substrates with hydrophilic surfaces 
(i.e., glass), and small on those with hydrophobic sur- 
faces (i.e., Formvar). This is shown in Fig. 5. Figure 
5a is the transmission image of sites on glass, and 
Fig. 5b is the image of sites on Formvar. The respec- 
tive average values of o are lo4/$ and 102/r2. It was 
found possible to decrease the difference in s between 
hydrophilic and hydrophobic surfaces by activation 
method (b) in Table I and to eliminate it by method 
(c) in Table I. In both cases the small r increased and 
the large r remained constant. Attempts to increase 
the value of r beyond lO4/$ have failed. 
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Film geometry.-The natural consequence of the 
variation of r is a variation in Ni-P film geometry. 
This is shown in Fig. 6 by the transmission image of 
three different deposits. The films were deposited on 
substrates with average r values of 104/p' (Fig. 6a); 
10a/pz (Fig. 6b) and lo*/$ (Fig. 6c). From the figure 
it is evident that r is an important deposition param- 
eter. The quantitative dependence of film growth and 
geometry on r may be expressed' as 

d = h n c t  (roz +Lc2t2)  3 ; 

O ~ t ~ ( c ~ G ) - ~  [I] 
and 

where d is the mass thickness of deposit (volume per 
unit surface area) ; c is the microscopic rate of deposi- 
tion (increase of local thickness per unit time and/or 
dr/dt); a is the activation surface density (number 
of active sites per unit surface area) ; 2r, is the diam- 
eter of active sites; and t is the time of deposition. 
Expression [I]  describes the growth of discontinuous 
(island-type) films and the description of growth after 
continuity is attained is given by expression [21. 
aansition from the former to the latter configuration 
occurs at t = ( c d z )  -1. 

Figure 7a is the plot of expressions [I]  and [2] at 
1.0 = 5A.z The dashed line represents the transition 
between discontinuous films (below dashed line) and 
continuous films (above dashed line) and the solid 
straight line represents a linear (d = ct) film growth: 
In Fig. 7b a comparison is made between the mass 
thickness of growing deposits and the theoretical 
curves. Both solid Ni and SnC12-PdC12 activated sub- 
strates were used. With c = 20 A/min a was found to 
range between lo4/$ and lo/$ for the activated sub- 
strates. 

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

1 See Appendix. 
'The vadatlon of r. does not Influence the curves appmclably, 

as r. is much smaller than ct In the range of ct considered here. 

Fig. 6. Transmission images 
of deposits on substrates with 
different activation densities: 
(a) (left) 104/pZ; (b) (center) 
1LP/p2 and (c) (right) 102/p2. 
Note the dependence of film 
geometry on activation density. 

Fig. 70. Mass thickness d of Ni-P deposits. Theoretical curves 
of d as o function of ct (c is rate of deposition, t is deposition 
time) for different activation densities r. Dashed line represents 
tronsition between islands and continuous film. 

c = z o A / m i n .  
0 . 0 - a c t ~ v a t e d  s u  bStrateS 
+ - S O I I ~  s u b s t r a t e  

Fig. 7b. Mass thickness d of Ni-P deposits. Comparison of theo- 
retical curves (a) and experimental values for c = 20 U m i n .  
Activation density is seen to range between lC/pz and 10/r2. 
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(9) the temperature dependence of the structure of 
continuous films was investigated. In the present work 
the structural nature of as-deposited islands, ranging 
in size from 200 to 2000A. as well as that of fresh con- 
tinuous films of various geometry were studied. 

It can be argued that, if the islands in films are 
single crystals, but are too small to cause proper dif- 
fraction, then the same islands grown larger would 
eventually reveal their crystal identity. If, however, 
the islands were in a liquidlike state, no size depend- 
ency should be detected in the diffraction pattern. 
From selected area diffraction experiments the latter 
case was confirmed. Islands whose size (27- E: 2000A) 
was comparable to the effective diameter of the elec- 
tron beam (8000A) showed an identical liquidlike 
structure to those with 200A diameter. The diffraction 
pattern of continuous films was also the same. Figure 
8 is an example of the diffraction pattern of all our 
(thin) Ni-P deposits. 

The present findings of a liquidlike structure is in 
apparent contradiction with the results of Graham 
et al. (6); however the difference may be explained 
by the difference in sample preparation. In their ex- 
periments (bulk) deposits were prepared at 90°C for 
many hours, whereas our (thin) samples were grown 
at 25°C for only a few minutes. 

Summary 
It was shown that electroless deposition of Ni-P 

on SnClz-PdC12 activated dielectric substrates is se- 
lective and that it is homogeneous on continuous cata- 
lytic surfaces. The selective deposition is due to se- 
lective activation. The SnC12-PdC12 treatment pro- 
duces catalytic sites on the substrate with less than 
10A diameter. The growth of Ni-P on these sites is 
isotropic, resulting in a spherical island-type film 
geometry. The surface density of catalytic sites a was 
seen to depend on the substrate material and type of 
activation, with a maximum value of 104/p2. The im- 
portance of a as a deposition parameter was pointed 
out, and its influence on film growth and geometry 
was shown quantitatively. Evidence of island growth 
of different electroless metals (10-12) suggests that 
the present description of nucleation, growth, and 
geometry may also be applicable to other electroless 
films deposited on activated surfaces. The structure of 
as-deposited Ni-P islands with variable. size, as well 
as that of fresh continuous films, was determined to 
be liquidlike, and it was concluded that individual 
islands are not single crystals. Finally, it was sug- 
gested that different results on the structure of fresh 
deposits reported by other workers may have been 
due to differences in sample preparation. 

Fig. 8. TypicoL diffraction pattern of as-deposited Ni-P islands, 
and fresh thin Ni-P films (P content ef 5 w/o). 
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APPENDIX 
Assume that the small catalytic sites are half 

spheres with radius TO, situated "base-down" on the 
substrate. Let a be the number of active half spheres 
per unit substrate area. Assume that the Ni-P depo- 
sition parameters (solution concentration and temper- 
ature) are constant in time, and that the density of 
Ni-P deposit p is constant. Let m be the mass of the 
deposit on each active island, and r be the radius of 
the growing half sphere. Then m = 2/3 n(+ - r.S)p, 
and the time rate of change of m is 

Since dr/dt = c, (c.f. Fig. 3), and r = TO + ct we get 

After integration 

Assuming an average value of a on the substrate, the 
total mass M  on the substrate with surface area A is 

With the definition of the mass thickness d = M / A p  
we get 

d ( t ) = 2 ~ ~ t [ ~ o ~ + + 0 & + ( 1 / 3 ) ~ ~ t ~ ]  [I] 

Further assume the islands to form a close packed 
surface distribution on the substrate. In this configu- 
ration each island may occupy a maximum surface 
area of r-1. As the islands grow in time the base of 
each island spreads in the available surface area of 
a-1. After a time to the islands touch and begin to 
form a continuous film whose surface retains the hem- 
ispherical features of the islands. At time, &, the area 
of the base of each hemisphere, nr2 .J a - l r  large 
values of a. Since r = ro + ct, to - ( c d a n )  -l for 
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small values of rO. R e t i o n  I11 is therefore valid for d(to)-having been evaluated by setting t = to = 
times 0 6 t --L (C dn n) -1. For times longer than to ( c d s  n)-1 in Eq. [I]. Combining [I]  and [2] the final 
the now-continuous film is visualized to grow at a expression is 
constant macroscopic rate. This growth may be de- 
scribed by d( t )  = 

The Holmium-Hydrogen System 

F. C. Perkins and C. E. Lundin 

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

ABSTRACT 

Pressure-temperature-composition data were obtained to study the nature 
of the holmium-hydrogen system. A Sieverts-type apparatus was employed 
to perform measurements in the temperature range, 250"-950aC, in the com- 
position range, Ho to HoHa, and at pressures from 10-4 to 630 Torr. The ex- 
istence of three homogeneous phases was established: holmium solid solution, 
the dihydride, and the trihydride phases. The limits of hydrogen solid solution 
in each of the phases were determined from discontinuities in the isothermal 
plots. Equilibrium plateau decomposition relationships were determined from 
van't Hoff plots in the two-phase regions 

Hosa + HOES, 
11,520 50 

loglo p (Torr) = - m + 10.86 & 0.05 

HoHz + HoHs, 
4080 -c 50 

loglo p (Torr) = - - + 9.12 f 0.09 
T 

The differential heats of reaction in these two regions are, AH = -52.7 2 0.2 
kcal/mole of HZ and AH = -18.7 + 0.2 kcal/mole of Hz, respectively. The 
differential entropies of reaction are, AS = -35.6 f 0.2 cal/deg . mole of Hz 
and AS = -28.6 k 0.4 cal/deg . mole of HI, respectively. Relative partial molal 
and integral thermodynamic quantities were calculated for the system. 

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

11,420 f 60 
log10 p (Torr) = - + 10.70 -c 0.06 

T 
a 

The enthalpy of reaction to form the dideuteride phase in AH = -52.3 f 0.3 
kcal/mole of Dz, and .the entropy of reaction is AS = -35.8 f 0.3 cal/deg . 
mole of Dz. 

Rare-earth metals are characterized by the ability 
to absorb large quantities of hydrogen and to combine 
with hydrogen to form hydride phases. Previous in- 
vestigations concerned with the heavy rare-earth 
metals at this laboratory defined the systems, erbium- 
hydrogen (1) and erbium-deuterium (2). The interest 
in these systems embraced the holmium-hydrogen sys- 
tem as well, because this latter system would be ex- 
pected from chemical considerations to exhibit hy- 
dride phases with characteristics and thermal stabil- 
ities similar to the erbium hydrides. 

The properties of the rare-earth-metal hydrogen 
systems have been reviewed in the literature (3-5). 
The holmium-hydrogen system has been outlined in 
one previous investigation (8). The present study was 
undertaken to broaden the temperature and composi- 
tional ranges of the above work and to extend the lim- 
its of thermodynamic data available for this system. 

Experimental Procedure 
The experiments were conducted in a modified Sie- 

verts apparatus. The unit incorporated a mercury dif- 
fusion pump for evacuation and a manifold to which 
were connected a palladium-silver hydrogen thimble, 

a gas burette, a mercury manometer, a McLeod 
gauge (Kontes Glass Company) and a quartz reac- 
,tion tube for heating to temperatures up to 950". 
High-purity hydrogen was obtained by passing hydro- 
gen through the heated palladium-silver thimble. The 
100-ml, precision gas burette was graduated to 0.1 
ml divisions. Gas pressures were measured on the 
manometer to f0.5 Torr and in the McLeod gauge 
range (10-4 to 1 Torr) to f3%. The quartz reaction 
tube was heated by a nichrome-wound furnace con- 
trolled to a temperature cycle of f l °C .  Specimen tem- 
peratures in the quartz tube were measured inde- 
pendently by means of a chromel-alumel thermocouple 
located outside and adjacent to the tube at the vicin- 
ity of the specimen. 

The specimen material was nuclear-grade holmium 
sponge, 99.9% purity, obtained from the Lunex Com- 
pany. The large surface area of the sponge and the 
short diffusion paths permitted the attaining of equi- 
librium in relatively short periods of time. The typical 
specimen size was 0.3g. 

The specimen of holmium sponge was contained in 
a tungsten foil boat to prevent contact with the quartz 
tube. At the beginning of each experiment, the system 
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with specimen in place was evacuated to less than 
10-6 Torr and flushed several times with high-purity 
hydrogen, and finally evacuated again ready for the 
first gas addition. The specimen was then heated under 
vacuum to the desired temperature and exposed to a 
measured batch of hydrogen. After equilibrium was 
attained (usually in a few hours) the pressure was 
measured, and the hydrogen composition of the speci- 
men calculated. Successive batches of hydrogen were 
added until atmospheric pressure was reached. These 
data were then plotted as an isothermal curve of 
specimen composition (hydrogen-to-holmium atomic 
ratio) us. pressure. Other isotherms were developed 
in the same manner. Compositions are estimated to be 
accurate to +I%. Preliminary experiments indicated 
that absorption of hydrogen by the specimen during 
flushing at room temperature was insignificant and 
did not change the specimen compositions beyond the 
limits of error. 

The partial-pressure plateaus were determined by 
cycling suitably hydrided specimens through the tem- 
perature ranges of interest. At each temperature, time 
was permitted for equilibrium to be attained, and the 
pressure was recorded. The temperatures were cycled 
both up and down to detect nonequilibrium effects. 
The logarithm of pressure was plotted against the 
reciprocal absolute temperature, and the data were 
treated by a least squares computer analysis to obtain 
a mathematical van't Hoff relationship. 

Results and Discussion 
The holmium-hydrogen system resembles the er- 

bium-hydrogen system, which confirms the tendency 
for most heavy rare-earth metals to form isomorphous 
systems when combined with hydrogen. As hydrogen 
is reacted with holmium the gas is dissolved intersti- 
tially in the hexagonal close-packed lattice. On reach- 
ing saturation, additional hydrogen reacts with hol- 
mium to form the face-centered-cubic, holmium di- 
hydride phase (lattice parameter a, = 5.165.4) (7). 
A further addition of hydrogen produces the holmium 
trihydride phase, which has a hexagonal lattice with 
parameters a, = 6.308.4, c, = 6.560A (8). The dihy- 
dride and trihydride phases are not stoichiometric, 
but exhibit compositional ranges of hydrogen solu- 
bility which broaden at high temperatures. The tri- 
hydride phase is stable only at relatively low tem- 
peratures, tending to decompose to the dihydride at 
temperatures above 370" at atmospheric pressure. 

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

The isotherms can be correlated to the phases and 
solubility relationships of the holmium-hydrogen 
phase diagram. For example, as hydrogen initially is 
taken into solid solution in the holmium metal the 
gas pressure increases. As the metal becomes satu- 
rated, additional hydrogen initiates the formation of 
the dihydride phase, and the pressure remains con- 
stant in the two-phase region. This behavior is in 
accordance with the phase rule, which dictates that 
the appearance of a new phase is accompanied by the 
loss of one degree of freedom. Constant-pressure 
plateaus were observed at all temperatures investi- 
gated. Additions of hydrogen advancing the composi- 
tion into the single phase dihydride region produce 
another increase in pressure. Experimental error ac- 
counts for the apparent crossing of some isothermal 
curves in this region. A second two-phase plateau re- 
gion (Fig. 2) is observed between the dihydride and 
trihydride single-phase regions at lower temperatures. 
It is therefore seen that the extremities of the hori- 
zontal plateau lines demark the transitions in number 

Fig. 1. Family of isotherms in the solid solution-dihydride 
gion of the holmium-hydrogen system. 

~ 0 0 0 ,  , , , , , , , , , , , , , 

1 1 1 1 , 1 1 1 1 1 1  ,. 8 ,  t o  s, s. f .  I. r ,  *. t 7  a .  z. ,e ,, 
HYOROOEN m HOLM~UM nrrlo 

Fig. 2. Family of isotherms in the dihydride-trihydride region 
of the holmium-hydrogen system. 

of phases and indicate the compositional solid solu- 
tion limits of hydrogen in the three phases. The solu- 
bility limits of the holmium-hydrogen system are 
listed in Table I. 

A log-log plot of composition us. pressure for the 
various isotherms in the holmium solid solution re- 
gion yielded straight lines with slopes approximating 
2. This value confirms the validity of Sieverts' law for 
hydrogen in holmium. Sieverts' law states that the 
solubility of a diatomic gas in a metal is proportional 
to the square root of the pressure, implying that the 
gas is dissolved atomically in the metal. 

A total of 78 independent determinations were made 
to establish dissociation pressures in the metal solid 
solution-dihydride plateau region as a function of tem- 
perature. Specimens were hydrided to 1.0 H/Ho ratio 
and cycled to temperatures between 550" and 900°C. 
Hysteresis effects were absent. The data were treated 



Vol. 115, No. 1 THE HOLMIUM-HYDROGEN SYSTEM 23 

Table I. Solubility boundaries in the Ho-H system stance a total of 54 equilibrium pressures were ob- 
tained at temperatures between 200" and 350°C. The 

TWO-phase region Two-phase region specimens weie initially hydrided to a 2.8 H/Ho com- 
Temp. ' C  HO + HO& HOH. + HO& position because the high equilibrium pressures above 

3 0 0 " ~  depleted the specimen of hydrogen. Specimens 
950 0.59 H/HO 1.20 H/HO ~ o t  stable not containing an initial excess of hydrogen trans- 
000 0.58 1.30 Not stable 
850 0.56 1.40 Not stable 

formed completely to the dihydride phase at the 
800 0.53 1.50  NO^ stable higher temperatures. Long periods of time were re- 
750 0.51 1.65 Not stable 
700 0.48 1.65 Not stable quired in order to attain equilibrium at each tem- 
650 0.43 1.80  NO^ stable perature. In general, the pressure values obtained on 
600 0.40 1.85 Not stable 
550 0.40 1.85 Not stable heating the specimen to the desired temperature were 
350 - - - 2.21 H/HO ~ . O I H / H O  more reproducible than those obtained by cooling 
325 - - - 2.20 2.95 
300 2.19 2.95 from a higher temperature. The pressures obtained 
250 - - 2.17 2.05 by cooling were erratic and high. A plot of the log of 

plateau pressure us. reciprocal temperature was made, 
by a least-squares computer analysis to describe the and the equation obtained by computer, least-squares 
best straight line, and the following equation was ob- analysis is as follows 
tained 4080 r 50 loetn v (Torr) = - + 9.12 f 0.09 . . 

11,520 f 50 T ' 

loglo p (Torr) = - 
T 

+ 10.66 f 0.05 The enthalm of reaction to form the trihydride phase 

where p = equilibrium hydrogen pressure and T = 
absolute temperature, Kelvin. 

The plot of the log of plateau equilibrium pressure 
us. reciprocal temperature is illustrated in Fig. 3. 
The slope of the line is related to the enthalpy of the 
reaction across the plateau region, and the intercept 
is related to the entropy of the reaction. The values for 
this plateau region are AH = - 52.7 f 0.2 kcal/mole 
of Hz and AS = - 35.6 f 0.2 cal/deg. mole of HZ. 

Dissociation pressures of the holmium solid solution- 
dideuteride plateau region were also determined over 
the same temperature range to detect differences, if 
any, caused by the isotopic effect. The procedure was 
the same as described. except deuterium was substi- 

from the dihydride phase is AH = - 18.7 f 0.2 kcal/ 
mole of HZ, and the entropy of reaction is AS = - 
28.6 f 0.4 cal/deg . mole of Hz. 

Data in the metal solid solution region were 
treated in this same manner. These data are presented 
in Fig. 3 as a series of isopleths in conjunction with 
the plateau data. Each solid solution isopleth was 
fitted by a least-squares, computer program to an 
equilibrium dissociation pressure equation of the van't 
Hoff form, loglo p = - A/T + B. The equation con- 
stants, A and B, for each of the compositions are tabu- 
lated in Table 11. 
The solution reaction in the metal solid solution is 

MHz (g) + H 
tuted for the hydrogen. A- total of 57 equilibrium for which the relative partial molal free energy of 
pressure points were employed in the least squares solution is 
analysis, and the resulting equation is presented here - 

GH - %Gone = RT In P%, 
11,420 2 60 

loglo p (Torr) = - + 10.70 f 0.06 From this relationship, the Gibbs-Helmholtz equation 
T is integrated to provide the van't Hoff form of the 

dissociation Dressure eauation 
The enthalpy of reaction to form the dideuteride phase - 
is AH = - 52.3 f 0.3 kcal/mole of Dz, and the entropy - 2 (HH - MH"n2) 
of reaction is AS = - 35.8 f 0.3 cal/deg . mole of Dz. loglo = 2.303 RT 

+ constant 

The dissociation pressures for the deuterium plateaus 
are consistently higher than for the hydrogen system The relative partial molal enthalpy and entropy of 
(see the deuterium plateau pressures plotted in ~ i ~ .  solution in the holmium solid solution are calculated 
3).  The entropy of reaction for the HoDz is slightly from the Slope and equation constant, respectivel~. 
more negative than the entropy of reaction for HoH2, These quantities are in 'I1. 
which is in the right direction on the basis of theo- 
retical considerations (2). 

A similar procedure was employed for the analysis 
of the dihydride-trihydride plateau region. In this in- 

- UYWR lomMTU. ..-' 
Fig. 3. Family of isapleths in the holmium-hydrogen system (in- 

cluded is the plateau isopleth of the holmium-deuterium system). 

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

Constants in log10 p (Torr) = -A/T + B 
Atomic ratio 

(H/HO) A B 

0.10 8,840 f 240. 6.65 -C 0.24' 
020 9,430 f 150 7.72 C0.15 
0.30 9,830 f 80 8.52 ) 0.08 
0.40 10,330 f 120 9.31 f 0.12 

Plateau region 11,520 f 50 10.88 -C 0.05 

Standard deviations. 

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

- - 
Atomic ratio Ha - HH'H, SH - We+, 

(WHO) kcal/g-atom H cal/g-atom H . deg 

0.00 - 19.8' + w  
0.10 -20.2 + 0.5 -8.6 + 0.5 
0.20 -21.6 + 0.3 -11.1 + 0.3 
0.30 -22.6+ 0.2 - 12.9 + 0.2 
0.40 -23.7 + 0.3 - 14.1 + 0.3 

Plateau region -28.4 + 0.1 - 17.3 + 0.1 

Extrapolated value. 
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Table IV. Integral free energies, enthalpies, and entropies of 
mixing in the holmium-hydrogen system at  650% 

Composition -AGr (kcal/ -AHU (kcal/ -ASn (cal/ 
H/Ho ratio g-atom soh) g-atom soln) deg . g-atom soln) 

Solubility boundaries of the two-phase region. Ho.. + HoHt.ou. 

The relative partial molal quantities were used to 
calculate the integral free energy, entropy, and en- 
thalpy of mixing in the holmium-hydrogen system. 
The equation for determining the integral enthalpy of 
mixing per g-atom of solution is 

The integral entropies and free energies of mixing 
were obtained in the same manner. A graphical inte- 
gration was necessary to determine the appropriate 
thermodynamic quantity for each level of n ~ / n ~ , .  
Data are presented in Table IV for the temperature 
650°C. 
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Chemistry of  Electrical Wire Explosions in Hydrocarbons 
Richard L. Johnson and Bernard Siegel 

Laboratories Division, Aerospace Corporation, El Segunclo, California 

ABSTRACT 

This paper describes the types and extents of high-temperature reactions 
that can uroceed when metals are electrically exploded into atmospheres of 
various hidrocarbons. Pyrolyses to other hydrocarbons are readily-initiated 
bv the electrical wire exolosions. formine both eauilibrium and noneaui- 
lqbrium products to relativQ extents dependhg on the reaction energetics and 
kinetics of the individual hydrocarbon reactants. A surprising aspect of these 
reactions is the extremely high chemical abstraction of the imparted electrical 
energy. The principal volatile pyrolysis product is always either acetylene or 
methane. Thermally labile organometallics and metal hydrides do not form 
in such explosions. However thermally stable metal carbides form readily 
during wire explosions in highly endothermic unsaturated hydrocarbons, 
while the saturated hydrocarbons are more inert. 

The physical mechanisms of electrical wire explo- 
sions have been investigated widely ( I ) ,  but it is 
only recently that chemists have begun to investigate 
the utility of this technique for chemical synthesis 
(2-5). An electrical wire explosion can be achieved 
by transferring the stored energy of a bank of capaci- 
tors to a metal conductor in a time interval so short 
that the energy is conserved in the conductor until 
explosive vaporization or liquefaction results. If the 
imparted electrical energy exceeds the thermodyna- 
mic heat of vaporization, it can be assumed that 
initially the exploded metal is mainly in the vapor 
state. In the presence of a surrounding gas of con- 
siderably higher total heat capacity the metal vapor 
will rapidly transfer energy to the surrounding gas. 
At this point two processes are possible. Either the 
cooling metal vapor will react chemically with the 
heated gas to form products containing metal atoms, 
or the heated gas molecules may react independently 
of the vapor by undergoing pyrolytic reactions. Al- 

ternatively, if the imparted electrical energy is only 
sufficient to explosively liquefy the metal, one can 
only observe liquid-gas reactions. 

Our laboratory has been engaged in an effort to 
determine whether conditions can be established for 
predicting the reaction products of wire explosions in 
various gases from simple thermodynamic and kinetic 
factors, and thus to elucidate the scope of this method 
of synthesizing inorganic and organic compounds. In 
ref. (2) we showed the effect of reaction energetics on 
the ultimate yield of products arising from metal 
explosions in sulfur hexafluoride. In ref. (6) we studied 
the pyrolysis of methane that is initiated by exploding 
a number of metals. It was shown that energy is 
very efficiently transferred from the exploding wire to 
the surrounding methane molecules, raising portions 
of these molecules to transient temperatures of 3200"- 
3500°K. At such temperatures methane is rapidly py- 
rolyzed to the equilibrium products, acetylene and 
hydrogen, the predominant volatile products which 



Vol. 115, No. 1 ELECTRICAL WIRE EX :PLOSION CHEMISTRY 

we found experimentally. About 70% of the imparted 
electrical energy was absorbed chemically by the sys- 
tem to effect this pyrolysis. The remaining 30% of 
the imparted electrical energy was transferred ulti- 
mately to the reactor walls and lost to the outside 
environment. This wastage of energy is believed to 
have resulted from the rapid temperature quenching 
that accompanies the endothermic pyrolysis reaction, 
coupled with the relative inertness of methane at 
temperatures much below 2500'K. 

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

Experimental 
Wire mp1osions.-The wire explosions were carried 

out in a stainless steel bomb shown in Fig. 1. This 
bomb was machined from a solid block to a wall thick- 
ness of % in. to withstand the anticipated shock 
waves from the exploding wires. The bomb is in two 
sections so that the wires to be exploded can be 
mounted conveniently. There are four O-ring seals 
to keep the bomb vacuum tight. The largest of these 
O-rings is readily seen on the circumference of the 
upper section. The other three O-rings, which are 
not visible, seal between the upper plate surface and 
the swagelock fittings. The bomb can be evacu- 
ated to a pressure of 2 x Torr. However, 
since initial pressures of 10-3 Torr produced ex- 
traneous gases at levels too low to be observed gas 
chromatographically within the time limits of our 
experiments, this level of vacuum was used frequently. 
Teflon insulators separate the % in. copper pole elec- 
trodes from stainless steel parts. Wires to be exploded 
are fastened to the lower ends of the electrodes by 
set screws. The distance between electrodes is 1% 
in., and they are positioned to hold the wire 1% in. 
from the top of the cylinder if the wire is placed 
linearly between the electrodes, the only position used 
in our experiments. The internal diameter of the bomb 
is 4 in., and the internal volume is 833 cc. The entire 
bomb assembly was connected to a vacuum line by 
a steel ball joint so that the bomb could be filled 
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Fig. I. Exploding wire apparatus 

with gases and volatile products could subsequently 
be transferred. 

Two electrical discharge systems were used. For 
those runs in which the delivered electrical input 
energy was 148 or 466 joules a mechanical Jennings 
vacuum switch was used to discharge three 14-pf 
capacitors, which were rated for a maximum of 20 
kv and connected in parallel. For those runs in which 
the delivered energy was 2188 joules this capacitor 
arrangement was discharged by a GE model 7703 
ignitron tube. The reported energies are those energies 
that were actually delivered to the reactor rather than 
the nominal energies stored in the capacitors. Since 
a considerable fraction of the nominally stored energy 
is lost to the external circuitry on discharging the 
capacitors, it was deemed necessary to determine ex- 
perimentally the fraction delivered to the exploding 
wire. This was done by calorimetry. 

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

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

It might be noted that experimentation with explo- 
sions of various metals into methane had demonstrated 
that neither the identity of the metal nor its mass over 
a wide range of mass ratios affected appreciably the 
degree of pyrolysis or the ratios of the volatile prod- 
ucts (6). Therefore, in studying the pyrolysis reactions 
of higher hydrocarbons in the present paper it was 
deemed unnecessary to use mass or identity of the 
metal as a control factor for pyrolytic reactions. Be- 
cause we were primarily interested in the chemical re- 
actions resulting from the wire explosion, rather than 
the electrical explosion itself, the current-time charac- 
teristics of the wire explosions were not measured rou- 
tinely. However there is no question but that explosions 
did occur. Measurements of the rate of change of cur- 
rent in the conductors being exploded were carried out 
in this laboratory under conditions somewhat similar to 
many of the explosions reported herein. These data 
indicated that current rose to a maximum within sev- 
eral microseconds and then damped out to zero over 
periods up to 100 psec. Further, examination of the 
bomb contents after firing of the wire showed that 
the original wire had disappeared and the metal was 
found in the form of a fine powder, which was dis- 
tributed relatively uniformly over all of the walls of 
the reactor. 

Product analysis.-Gas chromatographic analysis of 
the volatiles was made on a dual-column, programmed- 
temperature instrument with katharometer detection, 
using a flow rate of 120 ml/min. For earlier runs, 
hydrocarbons were determined on a 6 ft x %in. column 
of 120/150 mesh Porapak Q, temperature programmed 
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Table I. Hydrocarbon pyrolysis data 

Imparted Volatile producta(8) 
energy,(o) Per cent 

Reactants(a) joules pyrolysis~d) 1st 2nd 3rd 4th 5th 

Methane, 0.38 Pt 
Methane, 0.3g Pt 
Methane, O.06g Al 
Ethane, 0.3g P t  
Ethane. O.06g A1 
n-Butane. 0.3g Pt 
Isobutane, 0.38 Pt 
Isobutane, 0.3g PtW 
Isabutane, 0.3g Pt 
Isobutane, 0.05-0.068 
Ethylene, 0.3g Pt 
Ethylene, O.Olg Pt 

C f i  100 
C& 100 
C f i  lOO(1) 
cfi 100 
C f i  100'rl 
c f i  100 
CJI. 100 
C*% 100 
C*2 100 
CH, 100 
CaHz 100 
C f i  lOO(1) 

m e  3.3 
W e  3.4 
COHO 3.1 
CHI 19 
CHA 47 
CXI 29 
CH, 54 
CHA 44 
CH, 52 
C f i  98(1) 
Cdi, 60 
C$HI 4.8 

c a  1.9 
CyW, 0.7 
OH' 2.6(.) 

OHa 1.7 
CpHI 5.4 
CsHs 8.0 
CsHs 1.6 
&Ha 7.7 
CaH. 0.8 
C*Ha 3.2 
CcH* 1.5 

>-"--" 

Butadiene-1,3,O.Olg Pt 466 3.8 (1.6) C f i  lOO(1) CH, 6.6 '2S-h 2.8 CuHo 1.1 
Cyclopentadiene, 0.258 Fe 466 4.1 C f i  lOO(1) CHA 20 CaHb 5.0 O J I o  3.9 CbH4 2 2   OH^ 2.2 
Cyclo entadfene. 0.2g Fe a188 8.6 (82.8) CH. 100 CaHp 8.1(1) C f i  1.1 CeHa 1.8 
AcetyTene, 0.01g Pt 148 0.6 (96.3) CHI 100 CaHo 2.9 CsHe 1.0 
Allene, 0.01g Pt 466 10.1 (86.11 CHI 100 G H n  14.5'0 CaHe 1.5 CaHa 1.5 OIH. 2.5 
Propyne, 0.01g Pt 466 7.8 (89.0) CHI 100 C f i  lQ(fJ C A  2.0 C.Ho 2.0 CeHa 0.5 

(9 Unless speciRed otherwise initial hydrocarbon pressures were in range 400-450 mm. 
(a) Initial isohutane pressure was 100 mm. 
( 0 )  All runs except those using input energies of 2188 joules were with Jennings mechanical switch: 2188 joule runs used ignitron switch. 
(d) Values listed first are for per cent decomposition to volatlles; those given in parentheses are the per cent decomposition to nonvola- 

tile aolida. 
( 0 )  Aggregate of C4H4 + CJL. 
(1) In these runs small amounts of ethylene were not separated from acetylene. 
<a The products have been normalized to a scale of 100 for the most Prevalent species. 

from 50" to 250°C at 10/min, and hydrogen was deter- 
mined on a molecular sieve or on a column of coconut 
charcoal, 6 ft x Y4 in. at 50°C. In later runs all com- 
pounds were determined on a 12 ft x Y4 in. Porapak 
Q column, programmed, after a 4-min delay, at  4"/ 
min from 40' to 250°C. Samples were taken from a 
glass bulb reservoir through a gas valve with a 5-ml 
sampling loop. Values reported in Table I are averages 
of 6 to 12 multiple runs. 

In those runs where platinum alkyls were suspected 
nonvolatile products, the nonvolatile solids were ex- 
tracted with benzene and the extract tested for a 
platinum compound. Similarly in the iron-cyclopen- 
tadiene explosions, the nonvolatiles were extracted 
with diethyl ether and the extract tested for ferrocene. 
Aluminum alkyls are volatile, and these were sought 
in the A1 explosions by mass spectrometric analysis 
of the volatile products. Carbides were sought by 
x-ray diffraction. There has never been a reported 
platinum carbide (91, and x-ray diffraction patterns of 
our products failed to demonstrate the existence of a 
platinum carbide in those runs which involved ex- 
plosions of platinum wires. 

The carbon and hydrogen contents of the nonvolatile 
residues were obtained by the usual combustion pro- 
cedure, after extraction with organic solvents for those 
runs in which organometallic products were sought. 
These residues were not investigated further. Our main 
purpose in determining the carbon contents was to 
compute the per cent decomposition of the hydro- 
carbons to nonvolatile solids for those wire explo- 
sions where thermochemical calculations were desired. 
In those runs where the over-all pyrolysis was very 
small an experimental uncertainty of several per cent 
in the gas chromatographic data prevented direct cal- 
culation of the yields from data on the lowering of 
the concentration of the hydrocarbon reactants. The 
yield of volatile products was obtained by summing 
carbon atoms from all the volatile product data, and 
the yield of nonvolatile hydrocarbons (or carbon) was 
obtained from the carbon content of the residues. 

Results and Discussion 
Hydrocarbon pyrolyses.Saturated hydrocarbons 

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

The pyrolyses of ethane and the butanes resemble that 
of. methane in that much of the acetylene is un- 
doubtedly formed in the 3200'-3500°K temperature 
range. This temperature range is undoubtedly achieved 
in a significant portion of the hydrocarbon molecules 
surrounding the exploding wire as soon as sufficient 
numbers of molecules abstract energy from the ex- 
ploded material to reduce the very much higher tem- 
peratures that would characterize the previously 
smaller heated portion. In the case of hydrocarbons 
higher than methane, further reactions are possible 
when the temperature falls below even 200O0K, after 
temperature quenching caused by the endothermicity 
of acetylene formation and further heat conduction 
to cold regions of the surrounding gas. At these lower 
temperatures the speed of the over-all process re- 
quires that pyrolyses fall short of equilibrium, and 
one obtains the nonequilibrium products shown in 
Table I for the ethane, n-butane, and isobutane reac- 
tions. 

This additional reactivity at lower temperatures is 
reflected in the degree to which chemical energy is 
abstracted from the imparted electrical energy. Where- 
as the methane pyrolyses carried out at energy levels 
at 148 to 466 joules waste approximately 30% of the 
imparted energy, there is essentially no wasted energy 
in the ethane pyrolysis at 148 joules. From thermo- 
chemical data we compute that 110.7% of the imparted 
energy was transformed into chemical energy of py- 
rolysis in the ethane run. In view of the 6% uncer- 
tainty in calorimetric measurement of the imparted 
energy to the wire and the experimental uncertainties 
in the gas chromatographic analyses of products, this 
is believed to represent essentially complete energy 
abstraction. There is no conflict between these data 
and the apparently lower efficiencies of energy ab- 
straction in the methane and ethane runs at 2188 
joules. We have observed that the more rapid ex- 
plosion that accompanies the use of an ignitron firing 
circuit, rather than a Jennings mechanical switch, 
leads to a lower degree of energy abstraction with 
the ignitron system. Because the latter was used in 
the 2188 joule runs, we compute lower values of 
51.3 and 41.6%, respectively, for the degree of energy 
abstraction in the ethane and methane pyrolyses. How- 
ever the relative efficiencies of methane and ethane 
extraction of electrical energy for chemical purposes 
remain unchanged. 

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

The explanation for the ethylene data is based on 
reaction kinetics. It is known that the pyrolysis of 
ethylene to carbon and hydrogen proceeds through 
a mechanism that includes Eq. [I] (14); the heats 
of reaction cited in this paper were computed from 
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data in ref. (15). The relatively high endothermicity 
of this step increases the dependence of the type 
of product formed on the amount of electrical energy 
imparted to the exploding wire. At lower energy in- 
put levels the endothermicity of Eq. [I] reduces the 
over-all gas temperature to a point where acetylene 
is kinetically trapped and precludes the exothermic 
pyrolysis of acetylene to carbon and hydrogen. This 
should be readily overcome at higher energy levels, 
as is seen by the data for cyclopentadiene, which is 
similar to ethylene in the energetics of these pyroly- 
tic reactions. At the higher energy level one obtains 
a drastically different pyrolysis. The yield approaches 
completion, unlike any of the pyrolyses of saturated 
hydrocarbons at such conditions, and the principal 
volatile hydrocarbon product becomes methane rather 
than acetylene. 

This trend continues in the more highly endothermic 
alkyne molecules. Comparison of Eq. [I] with Eq. 
121 and 131 indicates 

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

Metal-hydrocarbon reactions.-Metal alkyls were not 
formed by any of the explosions of aluminum or plat- 
inum into saturated hydrocarbons. The aluminum al- 
kyls are well-known compounds, and both (CH3)4Pt 
and (CH3)sPtz have been reported to be reasonably 
stable compounds (16-19). A qualifying note might 
be added in regard to the platinum alkyls since 
doubt has recently been cast on the authenticity of 
the reported syntheses of these compounds (20). Yet 
it must be concluded that it appears unlikely that 
metal alkyls can be prepared by this technique. We 

next studied the possible formation of ferrocene by 
iron wire explosions in cyclopentadiene. This pi- 
bonded organometallic compound has been reported 
to have an unusually high thermal stability for this 
class of compounds since it is not extensively de- 
composed even at 470°C (21). Yet ferrocene was not 
formed, at either 466 joules where the over-all re- 
action of the cyclopentadiene was relatively small 
or at 2188 joules where the cyclopentadiene reacted ~. 
extensively. 

The difficulty in preparing organometallics by the 
present technique can be attributed to the limited 
thermal stabilities of such compounds and the com- 
peting pyrolysis reactions of the hydrocarbon reac- 
tants. Similar considerations apply to thermally labile 
hydrides, such as AlHs, which also did not form in 
these experiments. 

On the other hand many metal carbides are ex- 
tremely stable thermally and should be capable of 
synthesis by the technique described in the present 
paper. Although A4C3 was not observed in the 
methane explosion at 2188 joules, this carbide was 
observed among the products of the aluminum ex- 
plosions in ethane and isobutane at 2188 joules. This 
was established by the presence of the x-ray diffrac- 
tion spectrum characteristic of A4C3 in the spectrum 
of the nonvolatile products of the ethane and iso- 
butane explosions and its absence in the products 
of the methane explosion. Yet even when ALCs was 
found among the products of A1 explosions in the 
higher saturated hydrocarbons, the intensities of the 
A1 lines were considerably larger than those of A4C3. 
Thus the reaction does not go very far toward com- 
pletion, even at 2188 joules. These results reflect the 
energetics of Eq. [4] to [61. Cook and Siege1 showed 
(2) that 

4Al (s) + 3/2 CzHe(g) + ALC3 (s) + 9/2 Hz, 
AHo25- = -0.6 kcal/mole 151 

for kinetic reasons endothermic reactions in which 
the metal reacts chemically with the surrounding 
gas are very inefficient in abstraction of electrical 
energy in wire explosions. Therefore Eq. 141 could 
be predicted to proceed to a lesser extent than would 
Eq. [5] or [6], if all other conditions were equal. 
Further, the marginal exothermicities of Eq. [5] and 
[6] would indicate poor yields. On this basis the 
endothermic unsaturated hydrocarbons should be 
superior to the exothermic saturated hydrocarbons 
as reactants leading to metal carbide formation. This 
is substantiated by the ready formation of FezoCe by 
iron explosions in cyclopentadiene at 2188 joules. 
Acetylene should be better still, and A14C3 was found 
to be a product of aluminum explosions in acetylene, 
at energy input levels as low as 148 joules. 

Future studies.-The application of the exploding wire 
technique in a small volume bomb is particularly effica- 
cious for the synthesis of transition metal carbides. Cook 
(22) of this laboratory has expanded on the results 
of the present study by showing that titanium wire 
explosions into acetylene diluted with an inert gas 
can lead to the preparation of Tic samples in high 
yield and in purity at least equal to 98.6% by weight. 
The general applicability of the method is indicated 
by the successful synthesis of LaCz, Tic, ZrC, NbC, 
NbzC, TazC, MoC, MozC, and WzC. Although the uti- 
lity of wire explosions in a small volume bomb for 
the synthesis of thermally labile compounds appears 
dim, in view of the results of the present paper, we 
believe that there is a possible solution to this prob- 
lem. What is evidently required is the introduction 
of an additional mode of temperature quenching super- 
imposed on the temperature quenching processes oc- 
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On the Activity of Platinum Catalysts in Solution 
II. Kinetics of the Pt-0 Reaction with Hydrogen 

and of Pt-H Deposition Using a Double Pulse Technique 

Theodore B. Warner* and Sigmund Schuldiner* 

Naval Research Laboratmy, Washington, D. C. 

ABSTRACT 

Surface coverages of oxygen and hydrogen were determined on electrodes 
of differing activities as a function of time and of voltage in the potential de- 
cay curve following an anodic pulse. The electrolyte was 1M con- 
taining dissolved hydrogen. No important difference, other than rate, is found 
in the way Pt-0 is removed from surfaces of differing activity; however, a 
significant difference is noted in the way hydrogen resorbs. The rate of Pt-0 
removal is of apparent first order in adsorbed oxygen when the initial frac- 
tion of the surface covered is about 1.0; it is zero order in adsorbed oxygen 
and in amount reacted when the initial surface coverage is <0.8. The rate of 
the decay reaction is probably not limited by mass transport of solution Hz 
to the surface, by obstruction of active surface sites by sorbed product mole- 
cules, or by slow chemisorption of solution Hz on the electrode prior to reac- 
tion with Pt-0. 

In Part I of this series (1) and in a preceding paper activities for the Pt-O/hydrogen reaction exhibited 
(2), the rate of the reaction of oxygen, chemisorbed significant differences (other than rate) in the way 
on smooth platinum, with hydrogen dissolved in 1M oxygen was removed or hydrogen resorbed. 
HzS04 and in the Pt  derma (the Pt-O/h~drogen re- Breiter (3) has studied the chemical re- 
action) was monitored by observing potential decay duction of chemisorbed oxygen with H ~ .  ~i~ results 
on open circuit after an anodic current pulse. The should not be directly with these due to 
purpose in Part I was to examine how different ther- 
mal or chemical treatments affected the intrinsic cats- important differences in experimental procedure, as 

lytic activity of smooth platinum, using this reaction previously discussed (2). Sawyer and (4) have 
rate as a measure of activity. It was found that this  SO studied this system. Their oxygen generation 
intrinsic activity could be modified by several orders rates were very low, however, so the electrodes would 
of magnitude. The purpose of this work was to de- be presumed to contain some oxygen absorbed in the 
termine if surfaces known to have different catalytic lattice. The presence of such oxygen affects the hy- 

* Electrochemical Society Active Member. drogen/oxygen interaction markedly (2). The oxygen 
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Fig. 1. Double pulse electrode polarization. First pulses (ox~aa- 
tion of Had followed by oxidation of Hz0  to Oad) are traces 1,  2, 
and 4; second pulses (oxidation of H z 0  to Oad) are traces 3, 5, 
and 6 taken after reaction ( P t - O d  + hydrogen) times of 10, 6, 
and 3 msec, respectively, on an electrode with a monolayer decoy 
time of 21 msec. Current density is 2.92 amplcmz. 

generation rates used in this work were adjusted such 
that oxygen was deposited on the platinum surface 
without concurrent absorption of oxygen into the 
lattice. 

Experimental 
Apparatus and procedures were the same as in Part 

I except that two precisely spaced galvanostatic pulses 
were used.' A Hewlett-Packard 5214L Electronic 
Counter (clock rate 100 kc) provided two trigger 
pulses separated by a time known within 1 psec. These 
pulses triggered a pulse generator (either an EH 
Model 132A or an Electropulse 34503), sending two 
identical current pulses through the cell. The pulses 
were adjusted so that the first ended after a known 
amount, usually one monolayer, of chemisorbed oxy- 
gen atoms had been deposited on the electrode (Fig. 
1). Current densities were from 2.9 to 4.5 amp/cm2.2 

The anodic charging curves are conceptually divided 
into the usual regions, called the "H ionization region" 
and the "0 sorption region." In the subsequent decay, 
the first region is called the "0 removal region," and 
the second the "H deposition region." These regions 
are diagrammed in Fig. la of ref. (2) and they are 
apparent in Fig. 2 here. In the 0 removal region, hy- 
drogen is reacting with the oxygen chemisorbed on the 
electrode. This hydrogen can come from the Hz dis- 
solved in the bulk of the solution, from Hz bubbles at 
the surface and from dermasorbed H (H absorbed in 
the top 2 or 3 atomic layers of Pt). After a known 
time into the decay, t, called at different times either 
the "reaction time" or the "decay time," the second 
pulse was triggered to determine how much charge 
was required to bring Pt-0 coverage up to one mono- 
layer. Knowing the initial coverage and this, the 
amount reacted could be computed. When the voltage 
decayed below 0.3v, the second pulse gave both the 
charge required to form the oxygen region and the 
charge due to oxidation of adsorbed hydrogen. 

Fig. 2. Double puke polarixation of electrode sn which some 
hydrogen had resorbed, and typical full decay curve. Pulses are 2 0  
psec/cm and 0.5 v/cm; decay is 50 msec/cm and 0.2 v/cm. Reac- 
tion times between pulses were 200, 230, and 260 msec reading 
from bottom to top on an electrode whose to was 48 msec. Cur- 
rent density is 4.56 amp/cmZ. 

qmeasured - qd~.  For the first pulse, the significance of 
the various terms is well understood. For the second 
pulse, the assumption is made in what follows that 
all of the charge designated qo went to form Pt-0.d 
via a net 2-electron oxidation, and all charge desig- 
nated q~ went to oxidize Pt-H to H+. The validity of 
these assumptions will be supported later. The charge 
due to double layer charging was subtracted from the 
various qmeasured using previously reported (5) double 
layer capacitance us. potential data integrated over 
the potential region of interests 

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

Two bright platinum bead electrodes were used, one 
with a monolayer decay time, to, of 47.8 f 0.5 msw, 
and one with to of 21.3 a 1.5 msec. The monolayer 
decay time is the time required for the reduction of a 
monolayer of chemisorbed oxygen with hydrogen. The 
electrode areas were about 0.1 cmz. For convenience, 
the more active electrode (activity defined by the 
rate of the Pt-O/hydrogen reaction) with to = 21 will 
be termed electrode A, and the less active one, elec- 
trode L. It was important t~ confirm that each ~nea- 
surement of voltage and redeposited charge was made 
on an electrode whose to was unchanged. This was 
done by plotting measurements of potential us. reac- 
tion time, t, from a number of full decay curves taken 
before, during, and after the double pulse studies, and 
then comparing these data with the voltagehime in- 
formation obtained from the foot of the second pulse. 
The to for the electrodes used did not change during 
the course of the experiments. 

It was assumed that in the oxygen regions, qo = Results 
qmeasurea - qdi, and in the hydrogen regions, qn = Owgen remval  region: pt-0 + Hydrogen = Pt + 

>Unless otherwise specifled, potentials are given "8. the normel Hz0.-Voltage-time relation.-To facilitate comparison 

b&geo; e;~t;~bi;;a,mg;,";;;e~e~~f,~e;~;tr~~,"d;gasde;;; 
of results on electrodes with different intrinsic ac- 

"true" (5) areas baaed on the assumption that qo+a, = 458 pcoul/ tivities, the results for each electrode have been ex- 
em2 when one monolayer of oxygen is deposited at a current dens- pressed in terms of relative decay times, tho, where 
t y  of 3 amp/cm.r Precldon of an indlvidual area measurement was 
&32%. t is the reaction time, and to the monolayer decay time. 

¶At thee  current denaities, the IR drop in the solution is a large 
fraction of the total cell voltage. The IR drop was at times re- sFor the second pulse this treatment involved the assum~tion 
moved from the dbplay by using a Tekhonix Type W7 oscilloscope that qrl  (which includes a contribution from ~ S e u d o c a ~ ~ f t a n ~ e  
with a Type 1Al  dual trace preamplifier. The rectangular pulse at near 0 0 0 0 ~ )  under the nonsteaW-state conditions prevdllng was 
the generator output was applled to input 1 and appropriately at- not dgniflcantly different from that measured in (5). Consideration 
tenuabd, the cell voltage was applied to Input 2 and the difference of the physkal situation prevailing shows that this is reasonable; 
sgnal was displayed. fudher, €he qar terms are smirn compared to total q. 
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Fig. 3. Boric decay curve: potential n. relative decay time 
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Fig. 4. Fraction of surface covered with O,d vs. potential during 
decoy. The initial coverages ore denoted 8,. 

Plots of electrode potential during the decay, E(t) ,  us. 
t/to (Fig. 3) for data obtained on electrodes with to 
= 21 and 48 msec show no important difference nor 
are differences noted for the relation between volt- 
age in the decay curve and fraction 0 of surface cov- 
ered with oxygen (Fig. 4). It must be kept in mind 
that the actual times of reaction, however, differed 
by a factor of 2.2. From repeated measurements on 
electrodes whose to ranged from 17 to 180 msec, the 
potential at the end of the decay plateau, at t = to 
was found to be 0.283 f 0.004~. 
Owgen coverage us, voltage and time.-Let a be the 
initial oxygen coverage of the electrode in rcoul/cmz 
deposited by the first pulse, and let (a-x) be the 
coverage at any later time t. Let qo be the amount of 
oxygen used in the second pulse to reform one mono- 
layer of O a d  We assume that qo + (a-x) = 420 waul/ 
cmz; i.e., the electrode is once again polarized up to the 
0 2  evolution region when its total oxygen coverage is 
brought back to one monolayer. The fraction e of the 
surface covered with oxygen is 

It is necessary to maintain a clear distinction between 
a, the initial concentration in rcoul/cmz of oxygen on 
the surface; e,, this initial concentration expressed as 
the fraction of Pt surface sites covered with Oad (0 ,  
= a/420 woul/cmZ), and e, the fraction of the surface 
covered with oxygen at time t after some of the oxy- 
gen initially deposited has reacted with hydrogen. 

The results in Fig. 5 and 6 show that the relation- 
ships between 0 and t/to for the cases where 8. - 1 
and for 0.32 6 e. 6 0.77 are quite different. For 0.32 
6 e, 6 0.77, Fig. 6a shows that the rate of oxygen re- 
moval is zero order in the initial concentration a and 
in the amount reacted x. The slopes are independent 
of a and average 700 woul/cm2. Converting into units 

TlME IN 111, 

TlME IN t/t, 

Fig. 5. Rate of removal of oxygen for case when fraction of 
surface initiolly covered is near unity. The symbols have the 
same meaning as in Fig. 4. 

Fig. 6.(a, top) Rote of removal of oxygen for case where fraction of 
surface covered initially is <0.8. The initiol coverage o for each 
curve is indicated on abscissa below t/t, x 100 values. The origin 
of each succeeding curve is displaced 10 time units to the right of 
the preceding curve. The numbers on the curves represent the 
slopes in pcoul/cm2. Fig. 6 (b, bottom) Comparison of cases where 
e. = 1 with ones where e. < 0.8. The origins for the two curves 
to the right have been displaced by 40 and 60 (t/t, x 100) units. 

of e, the rate of oxygen removal is 

However, for 0.92 6 e, 6 1.03, the rate of oxygen re- 
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moval is given by a first order relation the hydrogen ionization region and no excess charge 
in the oxygen region whereas electrode L shows less 

*=exp(-k:) [.&I q~ in a given time while the qo measured simul- 
taneously is anomalously high. It amears that the 

over the range 1 L 8 6 0.15 where k is the first order 
rate constant of about 3.2. The curves, plotted sepa- 
rately, show logarithmic relations; the slopes are not 
considered to be significantly different. (The slopes 
are strongly dependent on the average values used for 
to and qo monolayen as well as the extent to which some 
hydrogen may or may not be oxidized in the oxygen 
region.) 

Hydrogen redeposition region: Pt + H = Pt - H. 
-The measured quantities were q~ + dl, PO + dl, E (t) ,  
and time since the end of the first pulse, t. The 
time available for hydrogen sorption was taken as 
( t  - to). Since charging curves at times up to t = to 
gave little or no indication of any sorbed hydrogen, 
it was assumed that all hydrogen reaching the elec- 
trode up to this time was consumed in reaction with 
Pt-0, which was known to be present up to t = to. 
The validity of this assumption is examined in the 
Discussion Section. After correction for double layer 
charging, the resulting q~ us. E ( t ) ,  qo us. E (t) ,  and 
E(t)  us. ( t  - to) data are shown in Fig. 7 and 8. 

Discussion 
Hydrogen redepositim region.-The factors that af- 

fect rate of potential decay in the Pt-0 removal re- 
gion exert no influence on the rate of potential change 
in the hydrogen resorption region. However, the 
amount of hydrogen found sorbed on the electrode 
after decay to a given potential does vary with the 
intrinsic activity of the electrode. The more active 
electrode, A, shows faster hydrogen reappearance in 

0 
( 1 - 1 0 1  mssc 

Fig. 7. Decay potential vs. time allowed for hydrogen resorption 
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Fig. 8. Amounts of hydrogen found in the hydrogen region, and 
"oxygen" found in the oxygen region vs. potential attained in de- 
cay cune. 

over-allhate of the hydrbgen-resorption is not greatly 
different in the two cases, but on L considerably more 
time is required for hydrogen to be sorbed in a form 
detected below 0 . 8 ~  in a charging curve. Therefore, 
on L some hydrogen not yet sorbed in the usual ways 
is oxidized in the 0 sorption region, adding to the 
charge measured there. The slow process impeding 
hydrogen sorption could be either diffusion to a suit- 
able chemisorption site, sorption of H into the derma, 
or the act of strong chemisorption itself. An alternate 
possibility is that it is not the sorption of the hydrogen 
that governs the potential at which it oxidized, but 
the kinetics of its subsequent oxidation. Then tiny 
amounts of unremoved oxygen in the Pt could act as 
a catalytic poison, impeding the oxidation of hydro- 
gen sorbed near it. It is reasonable that the L elec- 
trode would hold oxygen more firmly in the H resorp- 
tion region just as it did in the 0 removal region. The 
fact that oxygen coverage measured on L returns to 
the normal 1 monolayer at long times assures that no 
error in electrode area distorts these data. 

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

The difference between A and L, which affects the 
rate of Pt-Oaa reaction with hydrogen, also affects the 
manner in which hydrogen resorbs on the electrode. It 
does not, however, affect the E(t) us. time relation 
or the over-all rate of sorption materially. 

Oxygen removal region.-Oxygen coverage us. po- 
tential.-It is apparent from Fig. 3 and 4 that the in- 
trinsic difference between the reaction rates on the 
two electrodes is removed by normalization, giving 
voltagehime and oxygen coverage/time behaviors that 
are essentially the same. The data for 0 . 3 ~  > E(t)  
> O.Ov (Fig. 4), in which the oxygen coverage of L 
appears to drop below zero, results from the anoma- 
lously high "oxygen" coverages found in the second 
pulse at certain times (c.f. Fig. 8 and discussion in pre- 
ceding section). It appears that true zero Pt-0 cover- 
age may be more closely related to the point of in- 
flection in the decay curve at 0.35~ and t/to = 0.90. 
Conclusions previously drawn based on comparisons 
of decay times would not be influenced materially 
by a 10% change in the decay time used. 

Rate of oxygen removal.-The rate of oxygen re- 
moval was previously (2) shown to be zero order in 
hydrogen partial pressure (from 1.0 to 0.1 atm), in 
stirring rate (from quiescent to vigorously gas- 
stirred), and in amount of oxygen removed from % 
monolayer to 2 monolayers. Hence, mass transport 
of solution Hz to the surface is not rate-limiting. There 
is no indication that bare surface must be available 
for Hz to chemisorb prior to reaction with Pt-0, for 
the integrated rate of removal of oxygen was the same 
for initial coverages ranging from less than a mono- 
layer to two monolayers (2). In this study the kinetics 
of the removal were essentially the same for initial 
coverages of 0.92 and 1.03 monolayer. 

The changes observed both in reaction order and in 
rate when initial Pt-0 concentration was less than 0.8 
monolayer indicate that the mechanism of the oxygen 
removal reaction changes. For this reason, the cases 
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where the initial coverage ea is less than 0.8 and 
where it is about 1.0 are discussed separately. 

%Case whene ea < 0.8.-The rate of oxygen removal 
is independent of ea and x. This behavior is to be ex- 
pected if the surface contains sites with widely differ- 
ing activities, and if the over-all rate of the reaction 
UR is determined by the rapid rate VR* at relatively 
few "active sites" that comprise fraction 1 of the sur- 
face, and that are supplied (rate of surface diffusion 
UD) as rapidly as necessary from the reservoir of oxy- 
gen atoms sorbed on the rest of the surface. Recog- 
nizing that in fact there is probably a whole spectrum 
of sites of differing activity on the surface, we may 
for simplicity consider the surface to have two kinds 
of sites, active and inactive (or less active), of frac- 
tions 1 and m with the fraction of 1 and m covered 
with oxygen being el and em. If 1 is quite small, say 
less than 0.05, and if VD >> UR*, then as long as Pt-0 
is still present on inactive sites, 1 remains fully cov- 
ered until e,,, becomes very low. Hence the rate of the 
reaction of the species on 1, which is the only area 
catalytically significant, will be zero order in reactant. 
This 'model would make reasonable the very wide 
variations in VR that have been observed as a result 
of thermally annealing or chemically etching the sur- 
faces (I) ,  for if 1 is sufficiently small, then addition 
or subtraction of relatively few active sites can change 
1 substantially. 

For several reasons, it is improbable that active sites 
are obstructed by product molecules as the reaction 
'proceeds. First, the product will either be HzO, the same 
as the solvent, or, if it is an intermediate, it is likely 
unstable with a short lifetime. Second, if active sites 
were obscured, then reaction rate would decrease with 
amount reacted, contrary to the data in Fig. 6. Fi- 
nally, when all of the Oad was reduced, the second 
charging curve in the 0 sorption region showed qo = 
420 rcoul/crnz, the amount required for adsorption of 1 
monolayer of Osd. If during decay a significant amount 
of Osd were reduced to a product that required only 1 
electron .per Oad atom reformed, then recharging to 
full Oad coverage would require < 420 pcoul/cm2. 

Case where 6, SLI 1.0.-The rate of oxygen removal 
was found to be first order in oxygen coverage. The 
reason for this difference in reaction order and the in- 
crease in initial rate at a SLI 1.0 is obscure. It is not 
the same sort of apparent reaction order change fre- 
guently noted in catalytic reactions, where as concen- 
tration of the reactant on the active surface increases, 
the reaction order decreases from unity to zero. Here, 
in the ea < 0.8 case, the active surface is thought to be 
.fully aovered at the lowest initial concentrations used, 
yet in the e. - 1 case the additional adsorbed oxygen 
somehow causes a change in the reaction order. 

Tucker (6) has reported that when oxygen at 2 x 
10-8 Torr interacts with Pt at 400°C, the results may 

'be intengreted i n  terms of surface Pt atoms being dis- 
.placed from their normal positions. If the high activity 
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of the oxygen generated electrochemically in this work 
is a sufficiently large driving force, then perhaps a 
related rearrangement occurs here. In such a case, at 
high coverages the electrode surface would be quite 
different from that at lower coverages and a different 
mechanism would be reasonable. It is also conceivable 
that at very high coverages, additional sites on the 
surface become catalytically important and hence the 
initial rate becomes larger. However, it is then not 
clear why, when coverage has declined to 0.8, the 
other sites do not control the course of the reaction. 
In such a case, a zero order reaction rate should be 
observed for the removal of the remaining oxygen. 

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

the time required for potential decay to about 0.300v, 
after a preceding anodic pulse, is also the time re- 
quired for removal of the chemisorbed oxygen de- 
posited by that pulse. 

2. The rate of removal of Oad is of apparent first 
order in adsorbed oxygen when the initial fraction of 
surface covered is about 1.0; it is zero order in ad- 
sorbed oxygen and in amount reacted when the initial 
fraction of surface covered is <0.8. It is zero order in 
hydrogen partial pressure in both cases. 

3. Several alternative rate-determining steps in the 
decay reaction were considered, one being the rate of 
surface diffusion of Oad or Had to the active sites, an- 
other being the actual rate of reaction at these active 
sites. The latter is favored as somewhat more probable, 
for it appears that active sites are involved rather 
than the whole surface, at least for e. < 0.8. Steps 
probably excluded as rate-limiting are: (a) mass 
transport of solution Hz to the surface, (b) obstruc- 
tion of active surface sites by adherent product mole- 
cules, (c) chemisorptian of solution HZ on electrode 
prior to reaction with Pt-0. 

4. For electrodes of differing activities, a significant 
difference is found in the way hydrogen resorbs on 
recently stripped electrodes; no difference other than 
rate is found in the way the Pt-0 is removed. 

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

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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Thermodynamic Properties of LiCl in Dimethyl Sulfoxide 
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Inorganic Materials Research Division, Lawrence Radiaticm Laboratmy, and 
Department of Chemical Engineering, University of California, Berkeley, California 

ABSTRACT 

EMF measurements were performed at 25", 30n, and 35'C on the cell 

For concentrations up to 0.12M, the activity coefficients at each temperature 
may be represented satisfactorily by Guggenheim'b extension of the Debye- 
Hiickel equation. The partial molal Gibbs free energy, entropy and enthalpy 
of transfer of LiCl from DMSO to water have been calculated to be -4.93 
kcal/mole, $24.8 cal/'K-mole and +2.61 Kcal/mole, respectively. 

Because of its high dielectric constant and stability, 
dimethyl sulfoxide has been of interest as an ioniz- 
ing solvent for some time (Table I). Although the 
chemistry of the solvent has been the subject of nu- 
merous investigations, very few thermodynamic data 
are available for its solutions. The only thermody- 
namic data which have been reported for electrolytic 
solutions in DMSO are some solubilities (1, 21, some 
acid-base equilibria (3) ,  cryoscopic data on electro- 
lytes in the solvent (4-6), and the heats of solution of 
several iodides ( I ) .  In addition, Cogley and Butler (8) 
have reported some qualitative thermodynamic results 
from measurements on the cell to be described below. 

The present work is based on EMF measurements on 
the cell 
Pt (s) /Li (s) /LiC1 (solution in DMSO) /TIC1 (s) / 

T~(Hs) (l)/Pt(s) /I1 
The paucity of information relevant to the behavior 
of inorganic salts, and of reactive metals in nonaque- 
ous media, as well as the potential usefulness of the 
solvent in voltaic cells, and in electrosynthesis, justify 
this choice. A halide system was chosen because of 
the low solubility of other salts in the solvent medium 
for which a reference electrode with a common anion 
could be found. Previous work in this laboratory es- 
tablished the advantiges of the thallium amalgam- 
thallous chloride reference electrode (9). The nature 
of the reference electrode restricted the choice of the 
anion to chlorides and the metal cation to one of those 
rather high in the oxidation potential series. The lith- 
ium electrode was in part selected because of the op- 
portunity to obtain direct thermodynamic measure- 
ments on a metal-metal ion couple which, along with 
the other alkali and alkaline earth metals, reacts spon- 
taneously with most other ionizing solvent media. The 
potential usefulness of a lithium electrode in galvanic 
mils was also considered. 

Experimental 
The vacuum-tight Pyrex cell constructed for this 

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

TaMe I. khcted physical properties of DMSO 

Reference 

-. - 
Eknsny 

-- -- 
1.0966 g/cma 

Entropy of vnporht ion 
(11) 

Irn'C 
Mpole moment 

25.8 cal/mole-'K 

Debve-HUrk~l 
3.9 Debye (la1 

- . . . --. .- - 
constant, 2S.C 

30'C 
2.57 lkg/mole) 119 
2.57 lkg/mole)V~ 

35 % 2.59 lkg/mole)Y~ 

t P m e n t  work. 

* Electrochemlcsl Soclew Actlve Member. 

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

The soIvent (Matheson, Coleman, and Bell, spd ro -  
graphic grade) was puriAed by distillation under re- 
duced pressure at 80'C. The product was found to 
contain less than 50 ppm water by Karl fischer titra- 
tion and had a melting point of 18.58"C. 

Lithium chloride (Baker and AdbmsonY was dried 
by refluxing thionyl chloride over it for 2 hr. The 
dried salt was stored in a vacuum dessicator under 
an atmosphere of dry aPgon. 

The lithium metal (Lithium Corporation of America, 
99.9%) was obtained commercially and sbred under 
oil. 

Solutions were made either by dinect weighing of 
solute and solvent or by dilmtion of more concen- 
trated solutions. The solutions were prepared and 
stored in a glove box uncTer an atmosphere of dry 
argon. The lithium electrodes were prepared by etch- 
ing the surface in an HCl solution in DMSO, carefully 
rinsing with solvent, and then rinsing with a portion 
of the solution to be used in the cell. The cell was 

Fig. 1. Fire-compartment cefl used far emf measuremm 
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assembled, the solution introduced, and the cell was 
removed from the glove box and suspended in a 
grounded water bath. Temperature was controlled 
within f O.OlaC. 

On each cell the measuring procedure began 15 min 
after thermal equilibrium at 25°C had been attained. 
The measurements were made with an L&N K-3 po- 
tentiometer, using carefully calibrated standard cells. 
The second set of measurements at 25°C was made 1 
hr later and, if there was less than 0.1 mv difference 
between the readings, the temperature was raised to 
30" and 35"C, respectively, where the measurements 
were repeated. The temperature was then reduced to 
25"C, and another set of measurements was made. 
The last measurement at 25°C always agreed within 
less than 0.1 mv with the earlier measurements at 
25" if the temperature cycle was shorter than 12 hr. 
The bias potential between the reference electrodes 
was always less than 0.05 mv and for the lithium elec- 
trodes was less than 0.1 mv. 

The thallium amalgams used in the present studies 
were all in the concentration order of 10-2 mole frac- 
tion thallium. The voltage of the cell [I], was "cor- 
rected" to solid thallium metal by using the emf data 
on thallium amalgam concentration cells of Richards 
and Daniels ( 1 4 ) .  The relative potentials of the amal- 
gams employed are given in Tables 11, 111, and IV. 

In Tables V, VI, and VII are given the results of the 
cell measurements at 25", 30°, and 35"C, respectively. 
In the first column is given the molality of LiCl in 
solution. The measured cell voltage, E, and the amal- 
gam are listed in the second and third columns, re- 
spectively. The cell voltage "corrected" to solid thal- 
lium, E', is given in the fourth column. E' is related 
to the standard cell potential and the solution concen- 
tration by 

2RT 
E ' = E O - -  

F 
~ L I C I  VL~CI 121 

where both Eo and VLicl are unknowns. The usual 
arbitrary definition is adopted: the activity coefficient 
of lithium chloride approaches unity as the concentra- 
tion of lithium chloride approaches zero. The limiting 
equation proposed by Guggenheim ( 1 3 )  is employed 
to facilitate extrapolation to infinite dilution, i.e. 

Table 11. Relative potentials of thallium amalgams at  20°C 

Mole fraction Tln Amalgam E" 

Table I l l .  Relative potentials of thallium amalgams at  30°C 

Mole fraction Tln Amalgam 8' 

Table IV. Relative potentials of thallium amalgams a t  4O0C 

Table V. Results of cell potential measurements a t  25% 

m (molesfig) E (volts) Amalgam E' (volts) Eu' (volts) 

Data used In least squares analysis. 

Table VI. Results of cell potential measurements a t  30°C 

m (molesfig) E (volts) Amalgam E' (volts) E"' (volts) 

Data used in least sauares analysh. 

Table VII. Results of cell potential measurements at  35°C 

m (molesfig) E (volts) Amalgam E' (volts) E"' (volts) 

Data used in least squares analysis. 

Mole fraction T l a  Amalgam 8' Here, a = Debye-Hiickel constant, I = ionic strength 
= M E zzimi, and ,9~icl = constant, independent of 

8.61 x IW 1 o molality. From [ 2 ] ,  
9.32 x 1 W  3 -0.00111 
1.035 x 104 2 + 0.00203 a%+'%-11'" ( 2RFT ) 

4 - 2RT 
9.11 x IW +0.00012 E' - +-lnm 

1 + 0.15483 1 4- I l l2  F 

Calculated using molecular weights based on Cu = 12.000. 
b Absolute volts. 
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where Eq. [4] defines Eo'. The function EO' is listed in 
the fifth column of Tables V, VI, and VII. 

By constructing a plot of Eo' us. m, according to Eq. 
[41, one should obtain a straight line. Extrapolating 
to m + 0, one can obtain EO and then YLICI, for other 
concentrations at which the cell emf is measured. 
Eo' is plotted us. molality in Fig. 2, 3, and 4. The 

emf-s of the cells were found to be well behaved for 
concentrated solutions of lithium chloride. As the con- 
centration is decreased, the function Eo' becomes a 
linear function of molality. The sharp decrease of Eo' 
at concentrations below 2 x 10+M was quite unex- 
pected. This behavior could not be explained by ran- 

the linear extension of the line obtained by least 
squares fit of the data at higher concentrations can be, 
to a good approximation, explained by quantitative 
consideration of the effect of diffusion of TlCl (15). 

With the foregoing consideration in mind, the ex- 
trapolation to infinite dilution was made by fitting a 
least squares line to the data in the linear region. The 
results of the data analysis are summarized in Table 
VIII for the 95% confidence level. From these results 
were calculated AGO, AHo, and A S o  for the cell reac- 
tion. These thermodynamic functions are given in 
Table IX. 

The same calculations may be carried out for aaue- 
dom scatter of data; the decrease persisted at all three ous solutions, ~h~ quantity A c ~  for the transfer at 
temperatures. Several independent sets of solutions, 250c, 
made by both methods, were used, and the data was 
found to be reproducible and not due to errors in solu- LiCl(so1n in DMSO, -y* = 1) + 55.55 moles Hz0 
tions concentration. A reaction in the cell could not + LiCl (soln in HzO, y e  = 1) + 12.799 moles DMSO [61 
have caused this behavior because the cell voltage was 
constant over the eeriod of the tem~erature cvcle. found be - 
After 12-hr the lithium electrodes became discolored, 
and the cell potential began to decrease steadily due to 
the reaction 

Li(s) + TlCl(so1n) + Tl(s) + LiCl(so1n) [5] 
The unexpected decrease of Eo' occurred in solutions 

where the concentration of LiCl was approaching that 
of TlCl. The solubility product of TlCl in dimethyl 
sulfoxide is 5 x 10-7 (8). Since TlCl must be kept 
away from the lithium electrode, where it will react, a 
concentration gradient of TlCl exists in the cell. The 
cell potential will be lower than expected when there 
is diffusion of the sparingly soluble salt from the ref- 
erence electrode. At higher concentrations of LiCl, it 
would be expected that the nonuniform concentrp- 
tion distribution would be of no effect, and the effect 
should become greater as the solution concentration of 
LiCl decreases. The departure of the potential from 

rn x 10' 

Fig. 2. Extrapolation of emf data to infinite dilution a t  25°C. 

Fig. 3. Extrapolation of emf data to infinite dilution a t  30°C 

Fig. 4. Extrapolation of emf data to infinite dilution a t  35'C 

The entropy of transfer at this temperature is cal- 
culated to be $24.8 cal/"K-mole, after correcting for 
the difference in partial molal volume of the two sol- 
vents. 

Activity coefficients were determined as a function 
of concentration at the measured temperatures. Ac- 
tivity coefficients obtained from the smoothed data 
are given in Table X at rounded concentrations. 

The behavior of the activity coefficient of LiCl in- 
dicates that it is a completely dissociated salt in very 
dilute solutions. We arrive at this interpretation from 
the value of p ~ i c l  which is positive, as in aqueous solu- 
tions. In aqueous solutions, a negative value of p is 
interpreted as an indication of ion pairing (18). Al- 
though the magnitude of p ~ i c l  in dimethyl sulfoxide is 
larger than in water, we attach less significance to the 
magnitude than to the sign. Further interpretation 

Table VII I .  Standard cell potentials a t  25". 30'. and 35°C 

Table 1X. AGO, AS", and AH" for the reaction 
7==l 

Lib) + TICI(s) + 12.799 moles DMSO P LiCl (soh in DMSO) + 
Tl(s) 

Table X. Activity coefficients of lithium chloride a t  25". 
30". and 35'C 
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must =it iWthm data on other e1ectxwlytes in di- 
me'thyl mlfoxide. 

The activity coeffrciints f m  the present study 
(25") are omskkntly higher than those neported by 
Dumne# and Gasser (18.5") ~ b t a i n d  from freezing 
point depression studies (4). Acmding to our mea- 
suzrements, correcltion for temperature would increase 
the disc~epancy. Anafysis of the results of Dunnett and 
Gas- according to 'the method suggested by Brown 
and Pme ,(I69 "elds a m¶ue  = -2.11. The sea- 
sons for the disagreement with the p r e s e t  study a m  
not nndwstod. It seems possible that traces of water 
mag have mused anomalous freezhg point n a d h g s  in 
the dilute solutions, those most impr tan t  far the de- 
termination of ~ L I C I .  Also, the value of the cryosmpic 
constant (4.36) used by Dunnett and Gasser is subject 
to question. This value m t e d  by Lbdbmg, Kent- 
t m a a ,  and Wissem (17) is based on c r y w s p k  mea- 
surements on solutions of benzene in dimethyl sulf- 
oxirk, but the most dilute solution used was 0.88M. If 
one used the cryoscopic constant of Skerlak et al. (5), 
i.e., 3.97, for the above analysis, the value of ~ L I C I  be- 
comes positive. The value of 3.97 is also consistent 
with the data of Lindberg et al. 

According to the present results the free energy and 
entropy of transfer of LiCl from dimethyl sulfoxide to 
water are in the direction one would predict from the 
relative dielectric constant of the two solvents. Cal- 
culations of the dielectric constant effect according to 
the Born equation do not account quantitatively for 
the free energy and entropy of transfer. Similar con- 
clusions were reached for several other solvents by 
Strehlow (19). The heat of transfer of LiCl from 
DMSO to H20 is calculated to be +2.61 kcal. This may 
be compared to the recent measurements of the heats 
of transfer of several iodides from DMSO to Hz0 (7) ,  
for which the heats of transfer, as expected, are larger, 
in the order of + 10 kcal. 
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Effects of Probe Position on Potentiostatic 

Control during the Breakdown of Passivity 
D. C. Mearsl and G. P. Rothwell 

Department of Metallurgy, University of Cambridge, Cambridge, Englmd 

The breakdown of passivity of stainless steels with 
the formation of brightened pits in chloride-containing 
solutions has received considerable attention since the 
observations of Brennert (1). More recently, similar 
breakdown of passivity has been recorded for a wide 
variety of passive alloys in solutions in which the 
anion concentration and anode potential are sufficiently 
high(2). It is of practical interest to assess the natural 
resting potential of such alloys, and to compare it 

UResent address: NuBeld Department of Orthwaedic Surgery, 
University of Oxford. Oxford. Dngland. 

with the breakdown potential determined during the 
measurement of polarization curves in deaerated solu- 
tions. If the breakdown potential is considerably higher 
than the highest natural resting potential of an alloy 
in a given chloride solution, the alloy is ~ K k e l y  to 
undergo chloride breakdown in use in that du t ion(3) .  
It is essential, however, to larow and to control the 
anode potential precisely during the polarization mea- 
surements. We have measured anode potentials simul- 
taneously with two Luggim probes in different positions 
and find that electrode geometry shongly in0uences 
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the potential recorded at different points on the anode. 
Furthermore, prior to and during breakdown of passiv- 
ity the electrode potential of the pitting region may 
fall rapidly to ca. 100 mv more negative than the 
controlled electrode potential at the passive anode 
surface. 

Electrical analogues have also illustrated these and 
other problems of electrode geometry (4). Somewhat 
similar observations have previously been made on the 
localization of attack on naturally corroding specimens 
(5-7). 

Electrochemical Experiments 
Specimens of stainless steel (18Cr-1ONi-3Mo) and of 

Vitallium (30Cr-5Mo, bal.Co) were prepared by mask- 
ing the borders with Picien wax or Lacomit stopping- 
off lacquer. The anode potential was controlled po- 
tentiostatically using a Luggin probe at the center of 
the specimen. Additional probes were positioned at 
the masked edge and at the center of the specimen 
(Fig. 1) ;  the pd between these two saturated calomel 
reference electrodes was measured using an electronic 
millivoltmeter. The area of the anode was ca. 1 cm', 
and that of the concentric cathode ca. 10 cm'. Solutions 
of 0.2M and 1M sodium chloride, and 4M magnesium 
chloride were deaerated(8) until the specimen po- 
tential had fallen below ca. - 350 mv(nhe). Potentio- 
static anodic polarization curves were then measured 
in 50 mv, 10 min steps for both alloys, in the three 
solutions; at each step the pd between the two non- 
controlling probes was also measured. 

While a specimen is passive, the pd between the 
probes at edge and center is negligible (< 2 mv), 
except during the current transient after each increase 
in potential, when the current initially rises, then falls 
due to film thickening(91, and the pd between the 
probes may rise to ca. 20 mv (the edge probe being 
positive), falling rapidly to zero. As the specimen 
undergoes film breakdown, the transient and steady 
potential differences between the two probes increase 
to ca. 100 mv and 40 mv, respectively. Breakdown 
of passivity, with the formation of hemispherical 
brightened pits, occurs predominantly at the masked 
edge of the specimen. As the anode cd increases 
further the pd between middle and edge probes ceases 
to rise, and may decrease, falling below zero in many 
cases. Figure 2 shows a typical polarization curve for 
Vitallium in 0.2M sodium chloride solution, with a 
probe pd/potential curve superimposed. For anode 
potentials below ca. 200 mv, corresponding to passive 

Fig. I .  Apparatus for electrochemical experiments 

probe at centre , 
politivc I - pr;:::":ge 

Fig. 2. Anodic polarization curve (e/i) and curve for edgekenter 
potential difference (e/Ae) for Vitallium in O.2M sodium chloride 
solution. 

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

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

The above experiments were repeated with the 
potential of the edge, rather than that of the middle 
controlled potentiostatically. With specimens at po- 
tentials at which they exhibit passive behavior, the 
pd from middle to edge is negligible. At higher anode 
potentials chloride breakdown occurs primarily at the 
center of the specimen. The probe at the middle 
of the specimen becomes positive to that at the edge 
by ca. 60 mv. 

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

Discussion 
Potential variations in natural corrosion environ- 

ments have been measured by previous workers for 
many different systems. The work of Bianchi(l0) de- 
serves particular attention. In the present work, the 
polarization experiments with measurement of poten- 
tial variation across the controlled anode show that 
electrode geometry may strongly influence the ob- 
served behavior of specimens under potentiostatic con- 
trol. For specimens with surface area of ca. 1 cmP 
determinations of the breakdown potential may be 
in error by r 50 mv; for larger specimens, greater 
error could occur. The site of breakdown may be 
altered from random pitting to preferential edge attack. 
Very high rates of flow tend to minimize the effects of 
electrode geometry and may cause a return to random 
pitting behavior. These effects may also be minimized 
when the anode and counter electrode are opposed 
parallel surfaces of the same extent, such as two 
plates or two concentric cylinders, with an insulating 
barrier extending perpendicularly between their ends, 
as has been suggested by Piontelli (11). 

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

process is correspondingly nonuniform. Figure 3 shows 
the current distribution in an electrical analogue of 
the masked edge of a passive specimen(4). When the 
electrode potential, controlled by a probe at the center 
of the specimen is increased abruptly, the cd at the 
central region also increases abruptly, then decreases 
as the passive film thickens. At regions remote from 
the controlling probe, in which the current distribution 
leads to current densities higher than those on the 
bulk of the specimen, the transient cd must also be 
greater than that near to the probe, although the 
electrode potential appears to be lower (i.e., potential 
in the solution more positive), until the equilibrium 
film thickness has been reached. The transient metal 
dissolution and film formation processes also occur 
faster in these regions. This variation in rates of for- 
mation may itself lead to structural variations in 
the film in different regions of the specimen, and 
to enhanced take-up of aggressive anions into the 
film, leading ultimately to the observed initial break- 
down in these regions. Very high ratesof flow of 
solution then lead to more random attack by increasing 
the (diffusion controlled) cd near the probe during 
the transient period, shortening the transient and mini- 
mizing differences of potential across the specimen. 
Similarly, if the controlling probe is placed at the 
masked edge of the specimen, where the natural cur- 
rent distribution leads to the highest transient current 
densities, the effect of such transients in determining 
the site of breakdown is minimized, and random 
attack is usuallv observed. 

Fig. 4. Schematic anodic polarization curves for a typical pas- 
sive alloy which undergoes high potential breakdown. Curve CI 
represents the behavior of a natural cathode and C2 that of a less 
polarizable cathodic reaction. Points Cs, C'3 represent the be- 
havior under potentiostatic control of a system with small pits, 
and C3, C4 the behavior of the same system when the pits have 
become large enough to affect current distribution at  the probe. 

of the system. When pitting starts, provided that the 
total current in this area is less than that available 
in the distribution the pitting can proceed at  its 
limiting cd at  the same potential as the bulk of the 
specimen. However when the pitting area increases 
so that the current requirement exceeds that available, 
then the potential and the pitting cd fall so that the 
total current requirement can be maintained. Thus 
the electrode potential may fall during pitting to a 
point such as C's while the bulk of the specimen 
may be at  C,. The fact that the film resistance decreases 
greatly with the onset of pitting may lead to a de- 
creased iR drop across the film, leading to a still 
lower measured electrode potential of the metal. 

As the pitting area grows larger it may influence 
the current distribution at  the center of the specimen. 
If this occurs, the pitting current may increase by 
drawing from the main current distribution, the po- 
tentiostat supplying more current as required to main- 
tain the passive potential. Once the pitting current 
density again reaches the limiting cd, the pitting po- 
tential, which is virtually under galvanostatic control, 
may continue to rise toward C,, giving ultimately the 
observed change in sign of the difference in potential 
between the pitting and passive regions. We stress 
therefore that potentiostatic control does not neces- 
sarily insure uniformity of potential at  the surface of 
the working electrode. 
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Electret Phenomenological Theory Presented in 

Linear Systems Formalism 

Donald E. Tilley 
Department of Physics, Coll$ge ntilitaire royal de Saint-Jean, Saint-Jean, Quibec, Canada 

ABSTRACT 

Standard techniques for the analysis of linear systems are applied to the 
phenomenological theory of the electret effect, as developed by Wiseman and 
Feaster and extended by Perlman and Meunier. A generalized electric sus- 
ceptibility is introduced which allows electret behavior at constant tempera- 
ture to be characterized by two functions, the impedance and the short- 
circuit current. Asch's electret theory is shown to be equivalent to the as- 
sumption that the generalized susceptibility is an exponential function. 

A phenomenological theory of electrets, based on 
Gross's two-charge theory (1) and the superposition 
principle used by Wiseman and Feaster (2) as well as 
by Perlman and Meunier (3), has been given by the 
author in a previous paper (4) in a form which al- 
lows a simple and unified treatment of several elec- 
tret problems. In the present paper, this theory is 
reviewed and amplified with the presentation now 
given using the most familiar tool for the analysis of 
linear systems, the Laplace transform. Natural gen- 
eralizations of the electric susceptibility and the di- 
electric constant are introduced, and the role of these 
quantities in electret phenomenological theory is em- 
phasized. Finally, it is shown that this theory includes, 
as a very special case, the electret theory of Asch (5). 

Generalized Electric Susceptibility 
The polarization of a dielectric with a time depend- 

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

where Pr(t) is the polarization which responds prac- 
tically instantaneously to the applied field, and P,(t) 
is the slow response that is determined by fields that 
have existed at all previous instants up to the time t. 
The method of measurement will determine in a given 
experiment what response should be classified as in- 
stantaneous. In any case, in a linear isotropic dielec- 
tric the fast response is given by 

where xi/% is the electric susceptibility characteriz- 
ing the instantaneous response. (MKS units are used 
throughout this paper.) 

The experiments of Wiseman and Feaster (2) and 
of Perlman and Meunier (3) show that, at constant 
temperature, the polarization of Carnauba wax is a 
linear superposition of the contributions furnished by 
electric fields applied in the past. This superposition 
principle can be expressed in several different but 
equivalent ways. The formulation of the superposition 
principle given in this paper allows the introduction 
of natural generalizations of the electric susceptibility 
and the dielectric constant. We assume that the slow 
polarization response of a dielectric maintained at 
constant temperature can be characterized by a re- 
sponse function ~ . ( t )  such that a field E(t)  applied 
between the times T and T + dT produces a polariza- 
tion which, at a later time t, is xa (t-T) E (T) dT. The 
linear superposition of contributions from all previous 
electric fields gives the polarization 

It is assumed that xa(t) = 0 for t < 0 and that x.(t) 
-, 0 as t -, m. The response function x.(t) is to be 
determined empirically and is often assumed to be a 
sum of exponential decays. Equations 111-[3] yield, 
for the total polarization, the expression 

where 
~ ( t )  = xiS(t) + ~ a ( t )  151 

to, 

and i ( t )  is the Dirac delta function LS- 8(t) = 1 

and 6(t) = 0 for t + 01. The relationship between 
~ ( t )  and the resmnse function x(t)  used by ~revious 
workers (2, 3) is x(t)  =&r/dt. In a pioneering paper 
on dielectric after-effects (6), Gross expressed the 
after-current as a superposition of contributions from 
previous voltage changes and used a response function 
9(t)  which is proportional to x.(t). 

It is the function x(t)/r,, which merits the name 
"the generalized electric susceptibility." The cor- 
responding generalized dielectric constant is K ( t ) / e  
where 

K(t)  = s i ( t )  + x(t)  161 

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

Now using Eq. 141, [61, and [71 we obtain 

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

The convolution relationships given by Eq. [3], 
[41, and 183 in the time domain take on a particularly 
simple form when one takes either the Fourier trans- 
form or the two-sided Laplace transform to pass to 
the domain of complex frequency s. Since the trans- 
form of the convolution of two functions is the product 
of the transforms, the transform of the polarization is 
simply the product of the transform of the generalized 
electric susceptibility with the transform of the elec- 
tric field. 

In initial value problems, it is convenient to use 
the one-sided Laplace transform with the lower limit 
o- (7). Using the bar notation for such transforms 
we define 
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It is necessary to single out the part, Pb(t), of the slow 
polarization response that arises from electric fields 
which have existed before t = 0. Equation [3] gives 

Equations [4] and [lo] now yield the simple algebraic 
relation between Laplace transforms 

and Eq. [51, [61, 181, and [lo] give 

Equations [ l l ]  and [12] show that, in the complex 
frequency domain, except for the appearance of the 
term Pb(s), the relationship between the fields and the 
generalized susceptibility and dielectric constant is the 
same as the relationship in time domain between the 
fields and the usual susceptibility and dielectric con- 
stant when the response is considered to be instantane- 
ous. 

Electret Impedance 
The formalism introduced in the preceding section 

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

D(t)  = u(t) [I31 

Differentiation of Eq. [13] yields 

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

Using Eq. [12], the solution to Eq. [I41 can be written 
in the transparent and useful form 

- 
E(s) =Y(S) [T(s) - T ~ ( s )  I [I61 

where 
;(s) = I/[C + SR(S)I [171 

and - 
Jb(s) = s F ~ ( s )  - D(0-) [I81 

The electret impedance, in the complex frequency 
domain, is determined by 3 s )  which is seen to be a 
simple function of the conductivity c and the gen- 
eralized dielectric constant x ( s ) .  

The quantity &(s) is the value of S(s)  when 
F(s0 = 0 and therefore is named the short-circuit cur- 
rent density. All the effects of the past history (at 
constant temperature) of the dielectric are included ; 

in this term. A useful expression for the evaluation of 
&(s) is obtained by using Eq. [I], [2], [7], and [lo], 
together with Eq. [la] to yield 

In Eq. 1191, the quantity sFb(s) -Pb(0-)  is simply 
the Laplace transform of dPb ( t)  /dt. 

Several applications of Eq. [161-[la] are given in 
ref. (4). An important special case arises when the 
generalized susceptibility function is assumed to in- 
volve a sum of two exponentials 

'It is assumed that the dielectric is homogeneous and that, within 
the dielectric, the flelds E, D. P are uniform. 

for t 3 0. Such a function, with constants A, B, a, and 
p determined empirically, has been found adequate to 
give good agreement with experimental measurement 
of the charge decay at constant temperature of Car- 
nauba wax electrets (2-4). For such a x,(t), it  is easy 
to give a simple equivalent circuit for a dielectric 
slab (4). 

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

(5) postulates that the polarization P,(t) satisfies the 
first order linear differential equation 

with an initial condition, 

It is interesting to notice that Asch's equations, Eq. 
[211 and 1221, are equivalent to a very special case of 
the general theory developed in this paper, the case 
where x,(t) is (for t Z 0) the single exponential 
function 

x8(t) = ake-at [231 

with the initial polarization given by 

In this case Eq. [3] and [lo], together with Eq. 1231 
and 1241 yield 

P, (t) = e-at Po +f kae-a(t-T) I (TI dT I251 

Now using the familiar rules for the differentiation of 
an integral it is easy to verify that the Ps(t)  given by 
Eq. [251 is the solution to Asch's Eq. [211 and 1221. 

In applying his equations to the case of an electret 
which is polarized at one temperature and then cooled 
and maintained, for times t % 0, at  a constant final 
temperature, Asch implies that the effect of the tem- 
perature change can be described very simply as fol- 
lows. For a given value of the initial polarization Po 
at the final temperature, the subsequent electret be- 
havior is independent of the temperatures encountered 
before t = 0 and therefore is the same as if the elec- 
tret had been maintained always at the final tempera- 
ture. With this assumption, the polarization P,(t) 
given by Eq. [251 is, for t 0, the common prediction 
of both Asch's theory and the special case of the super- 
position principle, Eq. [3], which arises when x,(t) is 
the exponential function given in Eq. [23]. 

Acknowledgment 
The author wishes to thank Professor M. M. Perlman 

for stimulating discussions and for reading the manu- 
script. 

Manuscript received Aug. 30, 1967. This paper was 
presented at the Electrets Symposium at the Chicago 
Meeting, Oct. 15-19, 1967, as Abstract 120. 

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

REFERENCES 
1. B. Gross, Phys. Rev., 66,26 (1944). 
2. G. Wiseman and G. Feaster. J. Chem. Phys., 26, 

521 (1957). 
3. M. M. Perlman and J. L. Meunier, J. Appl. Phys., 

36,420 (1965). 
4. D. E. Tilley, ibid., 38,2543 (1967). 
5. G. Asch, C. R. Acad. Sci. ( F T ~ c ~ ) ,  256, 5302 

(1963). 
6. B. Gross, Phys. Rev., 57, 57 (1940). 
7. F. F. Kuo, "Network Analysis and Synthesis" 

p. 121, John Wiley & Sons, Inc., New YO& 
(1982). 



The Electret Effect in Ice 
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ABSTRACT 

The electret behavior of polycrystalline and single crystal ice is investi- 
gated by means of measurements of the dipole moment of the samples, the 
currents flowing during charging and discharging, and the potential dis- 
tribution within the sample. For comparison, measurements are made of the 
persistent dipole moment of tetradecanol, carboxylic acid Czo, and paraffin 
wax. The results show that in these substances the build-up and decay of 
space charges contribute to the volume polarization. 

The electret effect has been mainly studied in com- 
plex materials; although such materials have shown 
the electret effect very strongly their complexity is 
a severe hindrance to workers hoping to identify the 
mechanisms of the electret effect. A suitable material 
for a study of the mechanisms of electret formation 
should have a known simple structure, the normal 
conduction processes should be known, and it should 
be possible to produce samples of high purity in both 
polycrystalline and single crystal states. All these con- 
ditions are fullilled by ice, and therefore it was chosen 
as the principal subject for this investigation. To 
determine the effect of internal structure on the elec- 
tret effect behavior measurements were also made on 
samples of l-tetradecanol, carboxylic acid CZO, and 
paraffin wax. 

Experimental Methods 
The quantities measured in this investigation were 

the macroscopic dipole moment of the electrets, the 
currents flowing during charging and discharging of 
the electrets, and the potential distribution within the 
electrets. All samples were disks 12 mm in diameter 
and 3 mm thick. Polycrystalline samples were made 
by allowing materials to solidify in a mould. Single 
ice crystals were grown by a method described by 
Jaccard ( I ) ,  and disks were cut from these. All mea- 
surements were carried out at  a temperature of -70°C 
in a nitrogen atmosphere. In all cases the polarizing 
field was applied for 30 min. The water used had an 
impurity content of 7 ppm. 

Dipole moment measurements.-Measurement of the 
macroscopic dipole moment of an unshielded electret 
provides a sensitive method of observing changes in 
the polarization of the electret without the disturbance 
produced by the removal and replacement of sur- 
face electrodes involved in the usual lifted electrode 
measurements of the surface charge. The dipole mo- 
ments were measured with a torsion balance similar 
to that described by Cross and Hart (2).  

A schematic diagram of the balance is shown in 
Fig. 1. The sample, in the form of a disk, is suspended 
by a gold ribbon between two parallel plates referred 
to as the field plates. The upper end of the gold ribbon 
is attached to a torsion head free from backlash. Mir- 
rors MI and Mz are used in conjunction with a lamp 
and scale to determine the angular position of the 
sample with respect to the field plates. When the sam- 
ple holder is clamped the sliding electrodes can be 
used to apply the required polarizing field; these elec- 
trodes are withdrawn when dipole moment measure- 
ments are made. 

When a potential difference is applied to the field 
plates the field so produced interacts with the dipole 
moment of the sample to produce a torque, r, given by 
r = p x E where E is the field applied and p is the di- 
pole moment of the sample. By rotating the head of 
the suspension on opposing torque is applied to the 
sample to position the axis of the sample at right 

angles to the applied field. The field is then reversed, 
and the suspension is again rotated to position the 
axis of the sample at  right angles to the field. Read- 
ings of the torsion head are taken for each field direc- 
tion. The angular difference between these two read- 
ings is twice the angle of twist necessary to counteract 
the torque due to the field. The dipole moment can be 
calculated if the torsional properties of the suspension 
and the field strength are known. The suspension used 
had a torsion constant of 0.1 dyne cm/radian, the tor- 
sion head could be read to 1 min of arc, the applied 
field was 0.5 esu/cm and therefore dipole moments of 
approximately 10k4 esu could be measured. To study 
the electret behavior of a material with this balance 
a sample is prepared in the form of a disk 12 mm in 
diameter. The sample is fitted into the holder and the 
sliding electrodes moved to the required position with 
respect to the sample, and the polarizing field is ap- 
plied. After a suitable time interval the polarizing 
field is removed, the sliding electrodes are withdrawn, 
and the dipole moment is measured as described 
above. 

Current measurements.-When a potential differ- 
ence is applied to electrodes in contact with an  elec- 
tret material a current flows through the circuit. This 
current decreases with time to a small constant value. 
If the source of potential difference is removed and 
electrodes connected together, a current, which de- 
creases with time, flows in the reverse direction. 

Fig. 1. Torsion balance 
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Fig. 2. Schematic diagram of the probe circuit 

In this investieation measurements were made of 
these charging a id  discharging currents for polycrys- 
talline ice. 

Potential distribution measurements.-The potential 
distribution within polycrystalline ice disks, after the 
application of an electric field by means of electrodes 
on the surface, was measured by means of three plati- 
num probes inserted at distances of 0.5, 1.3, and 2.5 
mm from the cathode. The potential of the probes was 
determined by a null method. The circuit is shown 
schematically in Fig. 2. The null detector designed 
by Hart and Mungall (3) is essentially a robust equiv- 
alent of the string electrometer and can easily be 
constructed to produce a detector with extremely high 
leakage resistance so that off balance the current 
drawn by the probe is negligible and at balance there 
is no current drawn. The sensitivity of the detector 
was A5v. 

Results and Discussion 
Figure 3 shows the variation of the charging and 

discharge currents for a sample of ice electrified by 
applying 3 kv to brass electrodes in contact with the 
surface. The currents fall off with time reaching al- 
most constant values within 6 min. The total charge 
liberated on discharging is approximately 150 esu. 
Figure 4 shows the variation with time of the dipole 
moment of ice electrified by applying 3 kv to brass 
electrodes in contact with the sample. The dipole mo- 
ment corresponds always to a homocharge, the magni- 
tude of which decreases with time. As ice has a low- 
frequency dielectric constant of approximately 100 the 
field in the region between an electrode and the sam- 
ple it is nominally in contact with will be very high, 
and therefore a considerable amount of charge transfer 
is to be expected; this may therefore mask any 
volume effect. To avoid this, samples of ice were elec- 
trified by applying a potential difference to electrodes 
1 mm from the surface of the samples. Figure 5 shows 
the dipole moment of ice electrified in this manner as a 

U 
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Fig. 3. Charge and discharge currents as a function of time 
for polycrystalline ice electrified between brass electrodes in con- 
tact with the surface: applied potential 3 kv. 

Fig. 4. Dipole moment as a function of time for polycrystalline 
ice electrified between brass electrodes in contact with the sur- 
face: applied potential 3 kv. 

Fig. 5. Dipole moment as a function of time for polycrystalline 
ice electrified between electrodes 1 mm from the surface: ap- 
plied potentials 0.5, 1.0, 3.0, 4.0, and 5.0 kv. 

function of time after removal of the polarizing field. 
For applied potentials of 0.5 1.0, and 3.0 kv the dipole 
moment corresponds to a volume polarization which 
decays to zero. For an applied potential of 4 and 5 kv 
the dipole moment is initially equivalent to a hetero- 
charge, it falls to zero, rises to a maximum value in 
the opposite direction, and then falls slowly toward 
zero. This is an electret effect similar to that observed 
in carnauba wax, the only difference being in time 
scale. The behavior is explicable in terms of the two- 
charge theory: ice has a low frequency constant of 
100 and therefore with applied potentials of 0.5, 1.0, and 
3.0 kv the fields in the air gap between the electrodes 
and the samples are 2.5, 5.0, and 15 kv/crn, respec- 
tively. These fields are too low to cause breakdown in 
the gap, and therefore no surface charge is deposited, 
and the dipole moment is due to a heterocharge. With 
applied potentials of 4 and 5 kv the fields in the air 
gap are 20 and 25 kv/cm; enhancement by uneven sur- 
faces will produce breakdown, and the observed di- 
pole moment will be the resultant of the volume po- 
larization and a real surface charge. 

It should be noted that the dipole moment for sam- 
ples polarized with "contact" electrodes is approxi- 
mately one hundred times that for samples electrified 
with 1 mm air gap. This supports the suggestion that 
in the case of contact electrodes the high field at the 
dielectric-electrode interface caused a large transfer of 
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Fig. 6. Dipole moment as a function of time for single crystal 
ice electrified between electrodes 1 mm from the surface: ap- 
plied potentials 2.0 and 4.0 kv. 

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

Figure 6 shows the dipole moment for single crystal 
ice electrified between electrodes 1 mm from the sur- 
face. The behavior of the single crystal is almost 
identical to the polycrystalline sample. 

The nature of the volume polarization has been a 
point of dispute in electret studies. The choice lies 
between a space charge mechanism, a uniform volume 
polarization, or a combination of the two. All measure- 
ments of the internal potential distribution with probes 
have shown the existence of space charges near the 
surfaces. X-ray studies of polarized and nonpolarized 
electrets have failed to show any increased ordering 
in the polarized electrets. From this evidence it seems 
that a space charge effect must exist. Objections have 
been made [Gerson (4)] to the apparent independent 
decay of a space charge in close proximity with a real 
surface charge of opposite polarity. This behavior can 
be explained by a simple model. It is necessary to 
assume that the surface charges are trapped so that 
they are not discharged by the approach ,of a charge 
carrier forming the space charge, then the situation 
at the moment the external field is removed is illus- 
trated by Fig. 7. As a simplification the space charges 
are assumed to exist as a thin uniform layer of charge 
near each electrode, the charge per unit area being Q. 
The trapped surface charge has a density a per unit 
area. The electric field at a point in the space charge 
layer is equal to a- Q/KE, where K is the dielectric 
constant of the medium. For a > Q the surface charge 
initially predominates, and the internal field holds the 
space charge to the surface layer. The change in dipole 
moment is controlled then by the decay rate of the 
surface charge, the dipole moment reaching zero when 
a = Q. This is the behavior shown in Fig. 4 for the 
sample electrified with electrodes in contact with the 
sample. 

If a < Q the internal polarization predominates ini- 
tially, and the internal field results in a migration of 
the space charge layers to the center of the sample. 
This migration reduces the contribution of the space 
charge to the dipole moment, causing the surface 

TRAPPED 
CHARGE 
DENSITY 8- 

- - - - - - - 
Fig. 7. Schematic diagram of a polarized electret 
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Fig. 8. Potential distribution within a 3 mm thick sample of 
polycrystalline ice, 30 min after the application of 15W to elec- 
trodes on the surface. 

charge to predominate. The maximum value of the 
positive dipole moment is reached when the space 
charges of opposite sign meet. From then on the 
change in dipole moment is controlled by the decay 
of surface charge. This is the behavior shown in Fig. 
5 and 6 for ice samples electrified between electrodes 
spaced 1 mm from the surface. 

The potential distribution within ice with an ap- 
plied potential difference of 1.5 kv, measured by the 
probes, is shown in Fig. 8. The potential distribution 
shows the existence of a strong positive space charge 
near the cathode and a very weak negative space 
charge near the anode. This is to be expected from 
the theory of electrical conduction in ice proposed by 
Jaccard (5) in which conduction is attributed to the 
migration of protons and H30+ ions. 

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

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

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

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

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

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

Manuscript received June 29, 1967; revised manu- 
script received ca. Sept. 27, 1967. This paper was 
presented at the Electrets Sym osium at the Chicago 
Meeting, Oct. 15-19, 1967, as ~Est rac t  125. Thls work 
was supported by a Science Research Council Grant, 
reference B/SR/4382. 
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ABSTRACT 

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

Pi-odwtion of Electrets with a Large Net Homocharge 
The decay lifetime of the homocharge of an electret 

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

Laboratories. Ottawa, Ontarlo, Canada. 

Electrets with a large net homocharge may be pro- 
duced, without arcing, by inserting an appropriate di- 
electric between metal electrodes and film (1). The 
dielectric, air gaps, and film then form a 5-layer ca- 
pacitor, Fig. 1. (The dielectric inserts are metallized 
on their surfaces remote from the film to eliminate 
dielectric-electrode air gaps.) The electric fields in the 
various layers can be determined by applying Max- 
well's equations. The expression for the electric fields 
in the air gaps enables one to explain why electrets 
with a large net homocharge are obtained using di- 
electric inserts. 

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

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

V +  [dl(Pi-a,l) +2ds(Pa-rrdl/b 
E2 = 

dl + 2d2 + Zcls 
[ l l  

where Ez is the field in the air gaps; V is the applied 
charging voltage; subscripts 1, 2, and 3 refer to the 
film, air gaps, and inserts, respectively; d is the thick- 
ness; s, is the real homocharge; and P is the volume 
polarization or heterocharge. 

At t = 0, there is no homocharge, i.e., srl = a, = 0. 
During charging, the heterocharges PI and Ps increase, 
and so does the field in the gaps. Eventually, this field 
will exceed the breakdown strength of the air in the 
gap, and spray discharges (i.e., homocharge deposi- 
tion) will occur, increasing rrl and s,. The numerator 
in Eq. [I]  then decreases, and the field in the gap falls 
to a value below breakdown, quenching the discharges. 
The heterocharge then continues to increase, and the 
cycle repeats. 

Both heterocharge and homocharge should be pres- 
ent on charging with or without dielectric inserts. 
However, with inserts, the contribution to the field in 
the air gap due to the polarization of the inserts rela- 
tive to that due to polarization of the film is 2dsPa/ 
dlP1. In these experiments, the latter quantity ranges 
between 500 and 25, since the insert is 1/16 in. thick, 
the films are 0.25 to 5 mils thick, and Pa and PI are of 
the same order. Comparing Eq. [I] with the expression 
for the field in the air gaps when the inserts are not 
present (put d.1 = 0 in the numerator of Eq. [I]; 
2dz + 2d3 in the denominator is now the thickness 
of the air gap), one can see that the gaps will break 
down many more times during the course of polariza- 
tion with inserts than without, and one may expect a 
much larger homocharge in the former case. In Fig. 2, 
typical voltages across the air gaps are plotted as a 
function of time in the two cases. Note that the break- 
down frequency is much greater in the former case. 
V, is the breakdown voltage of the gaps. 

If one attempts to charge an ideal dielectric without 
inserts, d;c = 0 in the numerator of Eq. [I], the gap is 
2dz + 2ds, a,, = 0 and PI is constant; thus the field in 
the gap is a constant, and repetitive breakdown cannot 
occur. With inserts, Pa varies, and the heterocharge- 
homocharge cycle takes place. One can of course use a 
sufficiently high field to create a corona or Townsend 
discharge and produce homocharge on all films (ideal 
or not). Charging with inserts produces a large homo- 
charge simultaneous with a volume polarization in 
nonideal dielectrics, which is desirable for the long- 
lived electrets considered here. 

Most samples were charged with 6 kv applied across 
the electrodes for 0.5 hr at 120°C. The initial fields 
were of order 30 kv/cm in the films, 100 kv/cm in the 
air gaps, and 20 kv/cm in the inserts. Initial charges 
obtained were about 5 x 10-~oul/cm2. All films were 

Fig. 2. Voltage V across the air gap as a function of time 1; 
(a) with inserts (b) with inserts replaced by air gaps. 

metallized on one side and stored in microphones, with 
the charged surface in contact with a metallic back- 
plate. The films were only partially shielded because 
the average gap between surface and backplate was of 
the same order as the thickness of the film. 

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

The net surface charge (ar- P,) and bias VB are 
related by 

where K is the dielectric constant of the film, and r, is 
the permittivity of free space. 

Typical Homocharged and Heterocharged 
Film Electrets 

All films acquired a large net homocharge when po- 
larized using the inserts; those polarized without the 
inserts were mainly net heterocharge. Both homo- 
charge and heterocharge were simultaneously present 
whether samples were charged with inserts or not. 
This is illustrated in Fig. 3 and 4. In Fig. 3, a 5-mil 
Mylar sample polarized without inserts had an ini- 
tial bias of 1200v net heterocharge. (Values stated for 
the bias VB may be converted to net surface charge 
density, r, - P,, using Eq. [21 with appropriate values 
for dielectric constant and thickness of the films.) The 
charge was allowed to decay at room temperature 
and fell to 200v in about 20 days. The sample was then 
heated to 80" to increase the rate of decay. Within 4 
hr the net heterocharge decayed to zero and reversed 
its sign to 48v net homocharge. In Fig. 4, a 5-mil Mylar 
sample polarized with inserts had an initial bias of 
500v net homocharge. The charge was allowed to decay 

Fig. 3. Charge decay of a net heterocharged electret (5-mil My- 
lar charged without inserts). 
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Fig. 4. Charge decay of a net homocharged electret (5-mil My- 
lar charged with inserts). 

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

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

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

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

temperature and at elevated temperature, among 
many different film materials. The most interesting 
of the charge decay curves are those of Fig. 5, taken 
at room temperature. Here, the 1-mil K-1 polycar- 
bonatez electret (4) shows no measurable charge decay 
over a period of 7% months. These measurements have 
now been extended. The charge on K-1 polycarbonate 
shows no measurable decay after 1% years of storage 
at room temperature. There are variations of 2 6 %  
in the experimental points about an initial bias of 
375v. Figure 6 compares the charge decay of various 
electret films at 95"C, and Fig. 7 compares K-1 poly- 
carbonate and FEP Teflon3 at 130'C. 

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

H-films is poorer than Mylar at room temperature, 
but better at 95°C. Makrofol KG-polycarbonate* and 

a Supplled b 
Co.. Kingsport. 

Supplied b 
Nemours and CO.. Wllmlngton, 

4 Supplied by Amerlcan Dlel 
dizing Corp.. Qulncy, Massachuserm. 

Y and registered trademark of Tennessee Bnstrnan 
Tennesaei. 

y and registered trademarks of E. I. Du Pont de 
Delaware. 

lectrlcs Dlvlaion of American Ano- ..... 

Fig. 5. Charge decay of various film materials at ZS0C 

Fig. 6. Charge decay of various film materials at  9S°C 

Profaxs form short-lived electrets. Two other films 
with promising electrical properties are polystyreneB 
and Surlyn.8 While both have high volume resistivi- 
ties, they have low service temperatures. Surlyn was 
longer-lived at room temperature than all other films, 
with the exception of K-1 polycarbonate. However, its 

GSuppIled by and registered trademark of C.I.L. Montreal. 
Canada. 

a Supplied by Natvar Corp., Woodbrldue, New Jersey. 
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loo 20  40 60 60  100 120 $40 Fig. 8. Arrhenius plot of charge decay lifetimes; A, 0.25 mil 
T IIIOURSI Mylar; 0, 1 mil K- l  polycarbonah; 0, 1 mil FEP Teflon. 

Fig. 7. Charge decay of 1 mil films at  130°C 

One can, however, make some guesses as to the param- 
decay just 10°C above room temperature proved to be eters that influence lifetime. 
more rapid than even that of Mylar. The long charge decay lifetimes of net homocharge 

electrets are due to the presence of two charges of op- 
Extrapolation Procedure on ArrhenCus Plots posite polarity, each of which decays. If both homo- 

An extrapolation procedure on measurements of charge and heterncharge were to decay at the same 
short charge decay lifetime at elevated temperature rate, the net charge, their difference, would remain 
has been developed, which enables a prediction of the constant. Thus comparable rates of decay of homo- 
long lifetimes at room temperature. In many dielec- charge and heterocharge are desirable. 
trics, after decay has taken place for some time, the In net homocharge electrets the internal field during 
subsequent decay can be characterized by a single re- decay is in the same direction as that during charging. 
laxation time T2. The dependence of this time on the In general, the vohme resistivity must be large 
absolute temperature 0 is often of the form (5) (> -1018 ohm-cm) or the homocharge would disap- 

pear by conduction in a short time unless the air gaps 
T2 = a&ke [31 are zero. The internal field would then be opposite to 

where is an activation energy, is constant, and is that during charging, and the decay of the remaining 
Boltzmann,s constant. An ,zArrheniusn plot of Tz vs, 

heterocharge would take place in a relatively short 

I,e usually yields one or more straight lines of differ- time. Since a large resistivity implies a slow rate of 

ent slope. The change in slope takes place at the glass ~ ~ ~ y ~ f ~ ~ ~ a ~ ~ $ ~ ~ ~ ~  ~ r y ~ " , : ~ ~ ~ i ~ , a ~ > :  transition temperature. 
Figure 8 shows an experimental Arrhenius plot for 1 0 ~ ~ l ~ ~ ~ " , ~ ~ s h i e l d e d  charged thick sample has a %-mil Mylar over the temperature range 25'-100'C. 

Mylar has a glass transition temperature of 80'C. It is smaller internal field and experimentally, a longer 

amorphous below this temperature and partly crystal- life than a thin sample (2). Crystallinity of the mate- 

line above it. Two straight lines above and below 800C 
+ has an adverse effect on longevity. It may be pas- 

are evident. Measurements on l-mil K-l polycarbonate sible to extend the life of the homocharge by charging 

at different temperatures, and on l-mil FEP Teflon under corona at high temperature to produce deep 

at temperatures are also plotted in Fig. 8. K-l poly- penetration and trappin& and to control the life of the 
heterocharge by the addition of various ionic impuri- carbonate is amorphous, and cannot be crystallized at ties to ideal dielectrics, any temperature (6) .  Thus, hopefully, one straight 

line can be drawn through the 5 points and extrapo- Acknowledgment 
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The Measurement of Surface Charge 

Cornelis W. Reedyk 
Northern Electric Research and Development Laboratories, Ottawa, Ontario, Carmdn 

and Martin M.  Perlman' 
Department of Physics, CollPge militaire royal de Saint-Jean, Saint-Jean, Qudbec, Canada 

ABSTRACT 

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

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

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

Gubkin (1). Freedman (5), and also Gross (6) have 
suggested vibrating an electrode or rotating a wafer 
(10) in the field of the electret, measuring short-cir- 
cuit alternating current or open-circuit voltage, and 
relating these quantities to surface charge. While mea- 
surements may be conveniently made at atmospheric 
pressure, ideal short- or open-circuit conditions can 
never be achieved, and the results must be corrected 
for circuit parameters. 

The charge may of course be determined by apply- 
ing heat and measuring the resultant thermal depolar- 
ization current (91, but this method destroys the 
samnle. 

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

New Method 
In the method suggested here, an electrode is vi- 

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

T h e w  
To calculate the electric field in the air gap, apply 

the line integral law to the two layer capacitor of 

~ ~ ~ ~ ~ ~ l t ~ ~ ~ ,  N~~~~~~ Research and Development Labo- 
Fig. 1. Electrical circuit: 1, vibmting electmde; 2, guardring; 3, 

ratories, Ottawa. Ontario, Canada. air gap dz; 4, dielectric dl, K; 5, fixed electrode. 
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Fig. 1, i.e. 
dlEl+ dzEz = V 

where dl and d~ are the thicknesses of sample and 
gap, respectively, El and Ez are the electric fields in 
sample and gap, respectively, and V is the potential 
difference between the electrodes. From Gauss's law, 
one has 

Dl- Dz = ar [21 

where Dl and Dz are the electric displacements in 
sample and gap, respectively, and a, is the real charge 
on the surface of the sample. By definition 

where P1 is the polarization response of the sample to 
the applied field, and ro is the permittivity of free 
space. The polarization response Pl(t)  is resolved 
into two components 

where P,(t) is the component that responds slowly 
to changes in the internal field El(t) ,  and Pi(t) is the 
component that responds practically instantaneously 
to changes in the internal field and can be character- 
ized by a dielectric constant K, i.e. 

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

and 

Finally, combining Eq. 111, [21, [6], and 171, the field 
in the air gap is 

.I. - ps 
K V - ( )  dl 

where (ur - P,) is the net surface charge density. 
If now one applies a bias V = VB so that Ez = 0, Eq. 
[El yields 

(a= - Ps) = K s Ve/dl [gl 

Thus the net surface charge of the sample is simply 
related to the bias that produces zero field in the air 
gap, and hence zero output signal when the upper elec- 
trode is vibrated.2 The value of the net surface charge, 
obtained by this method, is also independent of the air 
gap dz. The polarity of the net surface charge (hetero- 
charge or homocharge) is automatically given by the 
polarity of VB. 

While the suggested method of measurement is com- 
pletely independent of the signal voltage and current, 
it is useful to relate these to surface charge to obtain 
some idea of the orders of magnitude of the signals 
involved. Gubkin (1) and Sessler (8) have related the 
absolute value of the net surface charge to the short- 
circuit current amplitude and open-circuit voltage 
amplitude, respectively. The polarity of the charge 
must be determined independently. 

In this paper, a harmonic analysis is made on the 
electrical mesh of Fig. 1. A general expression is ob- 
tained for the output voltage amplitude Vo in terms 
of circuit parameters. This result contains Eq. [9] 
and Gubkin's and Sessler's equations as special cases. 

In Fig. 1, applying the principle of continuity at the 
vibrating electrode, one has 

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

2 It is assumed that during the time the bias is applied the slowly 
varying polarization P. remains constant. 

The voltage V across the electrodes is 

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

where dzo is the equilibrium thickness of the gap and 
x is the variation about dzo as the electrode is vibrated. 

Combining Eq. [61, [a], [lo], [ I l l ,  and [12], one 
obtains an equation relating current I to x, V, and 
their time derivatives. Assuming that the variables x, 
V,, VI can be expanded in a Fourier series, i.e. as 

and keeping only first order terms, one has the follow- 
ing solution for the fundamental frequency mode of 
operation 

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

Co = %a/(& + dl/K) [I51 
and 

v = jwAd 1161 

where v is the velocity of the vibrating electrode, and 
Ad is the amplitude of vibration. 

There is no output signal under short-circuit or 
open-circuit conditions when the bias has reduced Ez 
to zero so that Eq. [91 applies, since then the coefficient 
of v in Eq. [14] is zero. The electromechanical coupl- 
ing is reduced to zero, and the motion of the system 
is a function of the mechanical constants only. 

Using Eq. [I41 with R = 0, V, = VB = 0, I = I,, 
one obtains the following relation between the net 
surface charge and the short circuit current ampli- 
tude I,: 

This result agrees with Gubkin (1). Combining Eq. 
191 and El71 

Using Eq. [14] with I = 0, VB = 0, one obtains the 
following relation between the net surface charge 
and the open-circuit voltage amplitude Vo 

This result agrees with Sessler (8). 
Combining Eq. [8] or [91 and [19] 

Plots of Io/Ad, Vo/Ad vs. gap dz using Eq. [I81 and 
[20] are shown in Fig. 2 and 3 for a typical polycar- 
bonate electret film with K = 2.9, dl = 1/4 mil, VB 
= 50v, a = 10 cmz, f = 100 Hz. Note that with gaps 
ranging from 1 to 4 mm, signals of the order of 1 to 
0.3 v/mil of vibration are obtainable. 

Experimental 
A preliminary apparatus (Fig. 4) was built to test 

this idea. It consisted of an electrode made to vibrate 
by alternating current fed to a solenoid. The assembly 
was placed over a charged sample that was metallized 
on one side and provision made to vary the gap dz. 
The electrodes were connected to an oscilloscope, and 
the bias applied as in Fig. 4. Signals of the order of 
those predicted were observed. We verified that Eq. 
[9] is independent of gap (from 0 to 10 mm) and 
electrical circuit parameters to an accuracy of better 
than 1%. The charge given by Eq. [91 also agrees with 
that determined using a dissectible capacitor to bet- 
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Fig. 2. Short circuit current/arnplitude of vibration vs. gap 

Fig. 3. Open circuit voltage/omplitude of vibration vs. gap 

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

Conclusions 
A new method of measuring the charge density on 

a dielectric surface has been developed. The method 
is simple, nondestructive, gives reliable results when 
compared with other techniques, and has few dis- 
advantages. A voltage measurement and a simple cal- 
culation yield the surface charge and its polarity. 
Measurements may be made at atmospheric pressure 
without fear of discharges, at  a wide range of gaps, 
and the surface charge is independent of electrical 
circuit parameters. 

I VIBRATING ELECTRODE 
2 GUARD RING 
3 FIXED ELECTRODE 
4 ELECTRET 
5 PHENOLIC SUPPORT 
6 TEFLON SHAFT 
7 SHAFT GUIDE 
8 STEEL SHAFT 
9 15V A.C. SOLENOID 

L0-l 
Fig. 4. Vibroting electrode apparatus 

'AERATING ELECMIDE 
GUARD RING 
FIXED ELECTRODE 
ELECTRET 
ELECTROSTATIC SHIELD 
SIGNALS 
DC BIAS 

Fig. 5. Vibrating electrode apparatus 
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Preparation and Properties of Vanadium Dioxide Films 

J. B. MacChesney, J. F. Potter, and H. 1. Guggenheim 

Bell Telephone Laboratories, Incorporated, Mumy Hill, New Jersey 

ABSTRACT 

Phase equilibria of the vanadium-oxygen system have been restudied in 
the composition range VOz-VZOS in order to establish the conditions required 
for stable existence of the VOz phase. Using this knowledge, it was possible to 
prepare films of VOz exhibiting transition in conductivity between semicon- 
ducting and metallic states. Films of Vz0s were first prepared by vapor dep- 
osition of vanadyl trichloride at temperatures below 127°C in 1 atm of COz. 
Reduction of these to VOz was accomplished by heating in controlled atmos- 
pheres of appropriate partial oxygen pressure at temperatures between 500' 
and 550". The resulting thin film (0.1-1.0~) exhibited a sharp drop (greater 
than two orders of magnitude) in resistance at the expected transition tem- 
perature, 67°C. 

A fiurry of interest greeted Morin's discovery in 
1959 (1) of unusual semiconducting to metallic tran- 
sitions in the conductivities of VOz, VzOs, and VO. 
Although, for a time, actively pursued by .investiga- 
tors intent on understanding the mechanism of the 
conduction anomaly, this interest was largely spent 
until revived recently. The recent emphasis has been 
directed toward utilizing this phenomenon in devices. 
However, difficulties have been encountered in the 
preparation of the VOz phase in a form applicable to 
device fabrication. Although methods for the growth 
of single crystals had been developed (2-41, single 
crystals were found to be undesirable for this purpose 
since they tend to disintegrate on cycling through the 

duction of COz and a heater. Vaporization was car- 
ried out in 1 atm of COz by heating VOC4 to near its 
boiling point while maintaining the substrates at tem- 
peratures between 60" and 120°C. Vaporization was 
continued until films of desired thickness (approx- 
imately lp) were attained. Subsequent annealing was 
carried out at temperatures sufficiently below the 
melting point of VzOs to prevent the formation of a 
liquid phase which would separate into globules on the 
substrate surface. Resistance measurements of these 
specimens were made using indium-gallium stripes 
drawn on their surface as electrodes. These films were 
further characterized by electron microscopy, and 
electron and x-ray diffraction. 

transition temperature. On the other hand, prepara- 
tion of dense, sound ceramic bodies has proved difficult Results and Discussion 
(5) due to inability to sinter this oxide by conven- We should like to preface discussion of our results 
tional means. Methods for preparing thin films, prob- by a brief description of the phase equilibria of the 
ably the most desirable form for utilization of VOz in vanadium oxygen system. It will be appreciated that 
devices, have only recently been reported (6). these can be studied as either a closed or an open 

In the present work the phase equilibria of the va- system. Most previous studies have been made on the 
nadium oxygen system are studied for the range of closed system. By this technique various mixtures of 
compositions between VOZ and Vz05. This knowledge vanadium oxides whose total composition is that de- 
was then utilized to reduce amorohous vanadium sired are eauilibrated in sealed containers. As surh 
pentoxide films to polycrystalline vanadium dioxide 
films. Resistance measurements of these showed an 
abrupt change at the appropriate transition temper- 
ature which was comparable in magnitude to that of 
single crystals. 

Experimental Procedures 
Although the phase relations of the vanadium ox- 

ygen system are generally known (7-10) the con- 
ditions of temperature and oxygen partial pressure 
necessary for the stable existence of vanadium dioxide 
are uncertain. Since knowledge of these parameters is 
indispensable to the purpose of this investigation, our 
first step was to determine representative oxygen iso- 
bars for the liquidus region of the diagram VOz-Vz0~. 
For this study both the quenching technique and 
weight changes, measured by means of a recording 
Chevrand thermobalance, were employed. In both 
cases, controlled atmospheres consisting of carbon di- 
oxide or mixtures of carbon monoxide and carbon 
dioxide were used. Desired mixtures were obtained 
using commercially available fiowmeters; composi- 
tions of these were determined using a gas chromato- 
graph (L&N Chromolax 11) which had been calibrated 

- ---. ~ ---..-. ..- 
- - - - - 9  

the amount-of oxygen in the container is fixed, and 
at equilibrium the total composition of the condensed 
phase or phases will be essentially that of the initial 
mixture, with only a small pressure of oxygen present 
in the gas phase filling the volume of the container. 
Our studies have been made on the open system. Here 
the total composition of the condensed vanadium oxide 
phase assemblage changes in response to the oxygen 

HEATER 
WIRE AND -) 

c020uTh 

by gas mixtures of known composition. The phase as- CO. 
semblage of each quenched specimen was determined INLET 

C 
by x-ray diffraction. 

Thin films of crystalline V~OS, suitable for reduc- 
tion to VOz were prepared by vapor deposition on 
polished single crystal sapphire substrates. The ap- 
paratus used for deposition is shown in Fig. 1. It con- Fig. 1. Experimental apparatus used for deposition of amorphous 
sists only of a bell jar with a side arm to permit intro- VzOs coatings from VOCI3. 



Vol. 115, No. 1 PREPARATION OF VANADIUM DIOXIDE FILMS 53 

1600 1 4 0 0 ~  

LIQUID 

IS00 - \. ',\ 
122- - - - - - - 

%. LK)UID 

i i l000 - - 
L 

+ eoo- 

"02.5 

(MONO1 

1.9 2.0 2.1 2.2 2.3 2.4 2.5 
vo, VO.. 

Fig. 2. Phase diagram for vanadium-oxygen system reconstructed 
from Kachi and Roy (10). Heavy dash-dot lines ore oxygen isobars 
which have been determined for the Liquid + VOz and VOz + VOz.17 phase regions. Estimates of the positions of those in ad- 
joining areas of the diagram are shown by light dash-dot lines. 

partial pressure of the furnace atmosphere until equi- 
librium is attained. 

Such changes can be visualized by the use of oxygen 
isobars. These show the change in total composition 
taking place at fixed partial oxygen pressure in re- 
sponse to changes in temperature. In Fig. 2, a portion 
of the vanadium-oxygen phase diagram is shown for 
compositions from VOz-Vz05. The diagram is based 
on that of Kachi and Roy's (101, but has been mod- 
ified to show the existence of VOz.ss (9) and also by 
the imposition of representative oxygen isobars ob- 
tained from the present study. Dashed portions of 
these show expected trends of such curves in phase 
regions not extensively studied in the present work. 

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

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

In the present system there are two components, 
vanadium and oxygen, so that P + F = 4. First let us 
consider that portion of the diagram representing a 
single liquid phase. At equilibrium, in addition to the 
condensed phase, a gas phase is present containing 
oxygen at a pressure of 1 atm or less. In this situation, 
two degrees of freedom remain so that, within limits, 
both temperature and oxygen partial pressure can be 
changed without altering the phase assemblage. 

But what happens when these limits are exceeded? 
Specifically, what happens when the temperature or the 
oxygen pressure is fixed such that the composition of 
the system is changed so as to cross the liquidus curve 
separating the liquid phase region from that of crys- 
talline VOz? Now three phases are present, and only 
one degree of freedom remains. In order to maintain 
two condensed phases (crystalline VOz and liquid) 
in equilibrium, the temperature and oxygen pressure 
can no longer be independently varied. Instead, VOz 
and liquid are stable only at a single oxygen partial 
pressure at a single temperature. In practice then, re- 
duction of the oxygen partial pressure at fixed tem- 
perature or increasing temperature at fixed oxygen 
partial pressure will ultimately bring about the com- 
plete precipitation of the liquid phase as VOz. It can 
be shown by similar reasoning that VOZ can be ob- 

tained from other crystalline phases in the same man- 
ner at lower temperatures. 

With this in mind we can simplify the diagram of 
Fig. 2 to describe more readily the conditions neces- 
sary for the stable existence of VOz at equilibrium. 
Since temperature and oxygen pressure are not in- 
dependently variable when two condensed phases are 
present, the two-phase region of the diagram of Fig. 2, 
will become a line on the diagram of log POZ us. 
104/T (OK-'). Such a diagram, Fig. 3, has been con- 
structed from the data of the present study. Here, 
phase fields of VOz-liquid and V02-V02.17 are sep- 
arated by the solid line representing the conditions 
necessary for the existence of these phases at equi- 
librium. Dashed lines again are used to represent 
estimates of conditions giving rise to univariant equi- 
libria involving other vanadium oxide phases. 

Before proceeding to describe preparation of films 
it is important to point out that the oxygen pres- 
sures referred to in this discussion are calculated from 
the standard free energy change for the reaction 

An equilibrium constant can be written for this re- 
action 

Po2 ' pzco K=- 
pzcoz 

from which the oxygen partial pressure is defined by 
the familiar expression: 

pac0 - RTln -. -- (P, 

In its evaluation, standard free energy values of 
Couglin (11) were used, and experimental CO/COZ 
ratios were provided by gas chromatograph readings. 

Preparation of Thin Films 
Vapor deposition was attempted using several halide 

and metallo-organic compounds of vanadium. Among 
these VOC4 (vanadyl trichloride) proved to be satis- 
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Fig. 3. Diagram of Log Poz vs. 104/T0K-1 showing boundary 

between VOz-liquid and VOz-VOz.17 phase fields. Dashed lines 
are sketched to illustrate positions of phase boundaries of adjacent 
phases. 
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factory. Not only is its boiling point low, but also its 
vapor is decomposed at low temperatures to yield 
V205 .  We conceive of this decomposition taking place 
by the reaction 

This supposition is strengthened by chromatographic 
analysis which found phosgene among the effluent 
gases. 

Thin films can be deposited quite rapidly (great- 
er than la/hr), even using the rather crude ap- 
paratus described which was not intended to op- 
timize the rate. The films produced were amber and 
transparent. Electron diffraction patterns showed these 
films to be crystalline Vz05 .  A typical electron micro- 
graph of the surface (Fig. 4) shows a poorly developed 
microstructure composed of grains between 0.01 and 
0.1~. 

In reducing these films to V O z  it was found neces- 
sary to remain well below liquidus temperatures. 
Apparently the liquid oxide phase does not wet the 
sapphire surface so that the film separated into drop- 
lets on the surface whenever reduction was attempted 
above 550°C. At the same time lowering the annealing 
temperature very much below this temperature pre- 
sents a problem. Here, at the relatively high C O / C O 2  
ratios needed to accomplish reduction of these films, 
carbon monoxide will be decomposed to graphite ac- 
cording to the reaction. 

Table I. Conditions employed in prepamtion of VOz films by 
vapor deposition from VOCI3, and from oxidized vanadium films 

VaporIration of VOCla 
Annealing 

Sub- 
strate VOCb Atmosphere Fllm 
Temp, Temp. Time, Temp. CDI CO Time, thlck- 

'C 'C hr 'C vol. 80 vo1.80 min. n e w  11 

Fig. 6 64 134 2 526 10 SO 33 0.9 
Fig. 'I - - - 482 50 50 15 0.2 

sistance (ohms/square) is plotted vs. reciprocal tem- 
perature (10S/T0K-1). It is to be observed that, on 
heating to 65°C (2.96 on the reciprocal temperature 
scale), there is a drop in resistance of more than three 
orders of magnitude. A hysteresis amounting to be- 
tween 7" and 8 ' C  is observed in the cooling curve of 
this figure. 

Another experiment which may be of interest to 
persons concerned with this subject was carried out in 
conjunction with Rozgonyi and Polito. They prepared 
polycrystalline V 2 0 5  films of 2000A thickness by oxi- 

Thus there is a lower limit to the temperature range 
over which reduction can be accomplished using these 
gas mixtures. 

After reduction under the conditions described in 
Table I, these fllms were again viewed by electron 
microscopy. Figure 5 shows a typical surface. Individu- 
al crystallites measuring up to 500A can be recognized. 
The micrograph also shows blistering which is prob- 
ably caused by release of volatile components during 
annealing. Talysurf measurements of this film show its 
thickness to range between 6500 and 9000A. X-ray 
diffraction patterns from the surface show the film to 
be VOz.  No other phases can be recognized. 

Resistance measurements over the range of 25" to 
approximately 100'C are shown by Fig. 6. Here re- 

Fig. 5. Electron micrograph, a t  co. 7600X, of a typical film 
after annealing in CO/COz mixture to convert i t  to vanadium di- 
oxide. 

PK-'J 
Fig. 6. Resistance vs. ncivrocal temperature of vapor deposited 

Fig. 4. Electron micrograph of a Vz05 film on sapphire a t  ca. film-applied on a single c&tal ropphjre substrate and annealed 
7600X. in I :I :CO:COz at  526°C. 
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Fig. 7. Resistance vs. reciprocal temperature of a metallic van- 
adium film first oxidized to VzO5 and then reduced to VOz in a 
mixture of 1 :1 :CO:COz at 482°C. 

dizing sputtered vanadium deposits.1 These were then 
reduced in mixtures of CO/COz as also described in 
Table I. Resistance measurements for one such film 
are shown in Fig. 7. It will be observed that the char- 
acter of the curves are similar to those shown in the 
preceding figure. However the transition temperature 
is slightly higher, 67°C (2.93 on the reciprocal tem- 
perature scale). Also it appears that the material be- 
haves as a semiconductor both above and below the 
transition. 

Discussion 
The reader has probably observed that we have 

taken some pains in our annealing experiments always 
to approach the VOz phase from an oxygen rich com- 
position. This was done to take advantage of the 
favorable kinetics provided by carrying out the re- 
ductions at temperatures only 100°C below the eutectic 
temperature in the system VOz-Vz05. This is also 
thought to provide an additional advantage by re- 
tarding the rate at which reduction of VOz to phases 
of lower oxygen content takes place. We have shown 
in another paper (12) that reduction, even when 
carried out at oxygen partial pressures appreciably 
below that in equilibrium with VO2 phase, can still 
yield this phase provided that the annealing is not too 
prolonged. 

Another comment on this work concerns the purity 
of vapor deposited films. After completing the work 
described above we performed an additional evapora- 
tion, employing the same conditions but depositing on 
a large graphite plate. This provided enough specimen 
for semiquantitative spectrographic analysis. Results 
given in Table I1 show the deposit to be contaminated. 
These impurities are thought not to be derived from 
the graphite plate, rather, we think, they result from 
attack by the vapor species of the nichrome heating 
elements and its support which were suspended in the 
bell jar. Obviously this can be eliminated by a differ- 
ent experimental arrangement. However, it is surpris- 
ing that the properties of these films are not appre- 
ciably degraded by high levels of impurities. Although 

1 See "Preparation of Thin Films of Vanadlum (Dl-. Sesqui-, and 
Pent-) Oxlde" by G. A. Rozgonyl and W. J. Pollto. Thb Journal, 
l l S 1  56 (1068). 

Table II. Impurity levels of vapor deposited thin films 

Aluminum O X  Copper 0.00X 
Iron 0.OX Titanium 0.OOX 
Silicon 0.OX Lead 0.OOX 
Nickel 0.OOX Magnesium 0.00X low 
Tin 0.OOX Manganese 0.M)OX low 

the impurities may contribute to the slight lowering 
of the transition temperature of the vapor deposited 
films compared to that of the sputtered vanadium 
film, and single crystals (I), they have not drastically 
"smeared" the transition or affected the apparent re- 
sistivity of these films. 

Conclusions 
Investigation of the phase equilibria of the vana- 

dium-oxygen system has resulted in a further defini- 
tion of the limits of temperature and oxygen pressure 
for the stability of the VOz phase field. Using these 
data it was possible to prepare specimens exhibiting a 
sharp drop in resistivity characteristic of the phase 
transition between the monoclinic and tetragonal 
polymorphs of that phase. 

Thin films of amorphous VzOs were first prepared on 
sapphire substrates by vapor deposition. Here, VOCla 
was vaporized by decomposing VOCls vapor in 1 atin 
of COz and then converting this to VOz by suitable 
annealing at low oxygen partial pressure. Thin films 
produced in.this manner were shown to have electrical 
properties typical of the vanadium dioxide and com- 
parable to single crystals of that phase. 
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Preparation of Thin Films of 
Vanadium (Di-, Sesqui-, and Pent-) Oxide 

G. A. Rozgonyi and W. J. Polito 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Polycrystalline thin films of VzOa, VOz, and VzOs have been prepared in 
the thickness range from 500 to 4000A. The films are obtained by a post- 
deposition heat-treatment of sputtered V or V-0 films. The quality of the 
films has been studied by x-ray diffraction techniques and by measuring re- 
sistivity as a function of inverse temperature to check the magnitude of the 
metal to semiconductor transition. Electrically the films compare favorably 
with bulk crystals, and in addition the films are extremely stable during 
repeated cycling through the transition temperature. 

Since Morin (1) reported on the metal to semicon- 
ductor transition in certain oxides there has been con- 
siderable interest in the preparation and properties of 
single crystals of the oxides of vanadium. Vanadium 
dioxide, VOz, which gives rise to a conductivity change 
of up to 104 at 338°K has received the most attention 
(2-7) due to the very convenient transition tempera- 
ture. However, for fundamental studies and some more 
restricted device applications vanadium sesquioxide, 
VzOa, with a conductivity change of greater than 108 
at 188"K, is also of great interest (8-10). A serious 
problem encountered with both VzO3 and VOz is a 
tendency for bulk crystals to fracture. This frac- 
ture, plus the need for material in configurations com- 
patible with modern device technology, has stimulated 
our effort to deposit thin films of the above oxides. 

Previous work on thin films has been restricted to 
the deposition of VOz films. The films were obtained 
either by vapor deposition techniques (11,12) using 
VOCl3 or by reactive sputtering of vanadium in argon 
and oxygen mixtures (13). Since difficulties have been 
encountered in obtaining consistently reproducible 
results on these films simple postdeposition annealing 
of films was attempted. Considerable success was 
achieved in obtaining uniform large area films of 
VzOs and VzOa, as well as VOz, by choosing a suitable 
oxidizing or reducing atmosphere while treating sput- 
tered V or V-0 films. 

Apparatus and Procedures 
Experimentally the vacuum system is identical to 

that used previously for the sputtering of ZnO (14) 
with the ZnO cathode replaced by VzOs. However, due 
to the complexity of the oxidation states of vanadium 
it was not possible to deposit crystalline films re- 
producibly and directly, as was accomplished with 
ZnO. Therefore, postdeposition treatments were de- 
vised which recrystallized the films such that their 
properties were comparable to bulk single crystals. 
Vanadium films sputtered in conventional bell jar 
systems were also studied. Substrate materials in- 
cluded single crystal sapphire and amorphous Pyrex 
glass slides with the best results obtained on the sap- 
phire. 

Depending on the oxide desired the films were an- 
nealed in the presence of three different flowing gases 
in three separate open tube furnaces. The gases were 
water vapor, a mixture of 90% Nz-10% 02, and HZ 
which had been bubbled through water. The optimum 
conditions for obtaining the V-0 composition of inter- 
est are presented in Table I. No attempt has been 
made in this study to determine the exact conditions 
of temperature and oxygen partial pressure necessary 
for the stable formation of a particular V-0 phase. 

Attempts at varying the conditions of the wet HZ treat- 
ment to obtain a crystalline phase intermediate to 
Vz03-VzOs, specifically VOz, were not successful. This 
is consistent with the work of Gel'd et al. (15) who 
found that, although VOz and V B O ~ ~  were detected 
during the reduction of powders of Vz05 in Hz, single 
phases of these compositions could not be formed.1 In 
order to obtain VOz films the water vapor treatment 
was used to provide a slightly oxidizing atmosphere for 
the sputtered V-0 films. The exact composition of the 
thin (500-4000A), as-sputtered films could not be de- 
termined because of the small amount of material and 
its amorphous nature. However, since they were sput- 
tered in pure argon it is expected that the V205 
cathode material converted to VzOs + 0 2  and that the 
resulting film stoichiometry was of a phase lower in 
oxygen than V&. 

Results and Discussion 
The films were evaluated crystallographically by 

x-ray powder diffraction techniques and electrically 
by plotting the resistivity as a function of inverse 
temperature. A standard four-point probe with 0.010 
in. separation was used for the resistivity measure- 
ments. Figure 1 shows the p us. 1/T data for the phases 
of interest. The metal-to-semiconductor transitions in 
VzO3 and VOz films are of the same magnitude as 
those reported for bulk material (1) and occur at  ap- 
proximately the same temperatures. The semicon- 
ductor behavior of Vz05 films over the entire tempera- 
ture range studied is also consistent for that material 
(2). The width of the hysteresis and the relatively 
soft behavior at the transition is most likely due to 
the polycrystalline nature of the films, and the re- 
sulting grain boundary effects, although strain intro- 
duced at  the film-substrate interface, may also be im- 
portant. Slight chemical inhomogeneities are also pos- 
sible, and, in certain films, an extra x-ray diffrac- 
tion line was observed at d = 2.25. This line could not 
be unequivocally assigned to any one phase, but it is 
suspected to be a reflection from VOI .~~ .  However, the 
metallic behavior and positive temperature coefficient 
of resistance in the high temperature regions indicate 
that the electrical behavior is not seriously effected 
by extraneous phases. X-ray photographs were taken 
with Ni filtered Cu-K, radiation at  a fixed beam in- 
cidence of 16" treating the polycrystalline film as if 
it were a powdered sample. The x-ray results are pre- 
sented in Table I1 and compared with the ASTM data 
for the various phases. The grain size of all films was 
estimated to be less than 100A. 

The re'sistance of these films to fracture was checked 
by cycling the VOz samples from room temperature 
to -100°C on a hot plate and dipping the V203 sam- -. - 

The choice Of gas was based On its expected ,It should be noted that MacChesney (11) has reduced our VrOj oxidizing (Nz-02, HzO) or reducing (Hz) properties. films to v a  udng a CO/CO~ reducing atmosphere, 
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Table I. Optimum conditions for preparation of vanadium 
oxide films 

Annealing conditions 
Initial sputtered 

Desired or recrys- Temp. Tlme, 
film tallired film Ahnosphere C hr 

V& Amorphous V-0 or 80% Nr10% 0, 500 4 
Polycwstalline V 

VIOI Recrystallized VsOs Wet HI 550 1 
V0,  Amorphous V - 0  Water vapor 450 4 

Recrystallized VlOs' 

See (11) for details. 

ples in and out of liquid nitrogen at least 12 times. The 
samples would undergo repeated resistance changes 
of >I03 ohms for VO2 and >I07 ohms for VzOs as mea- 
sured with a simple ohmmeter. A point-by-point 
measurement after the above cycling did not reveal 
any change in performance. 

It has been demonstrated that polycrystalline films 
of VzOs, VO2, and V Z O ~  can be prepared by a suitable 
postdeposition heat-treatment of sputtered V or V - 0  
films. The VO2 and VzO3 films exhibit metallic-semi- 
conductor behavior characteristic of bulk vanadium 
oxides with the added feature of stability and resist- 
ance to fracture during repeated temperature cycling. 
It is expected that these films will prove to be re- 
producible and stable samples for further investiga- 
tions into the properties of vanadium oxides and the 
mechanism of the metal-to-semiconductor transition. 

Fig. 1. Resistivity vs. reciprocal temperature for VzOs, V h  and 
Vz03 films. Arrows indicate direction of temperature change. 

Table I I .  X-ray diffroction data for vanadium oxide films 

Thin Rlm 
ASTM index 

Relative 
Relative intensity, 

Phase d, A intensity hkl d. A estimated 

2.70 80 104 2.7 60 

V& iji 60 110 2.45 100 
20 113 2.15 10 

1.69 100 116 1.65 40 

Acknowledgment 
The authors wish to thank G. Mahoney for making 

the four-point probe measurements, J. Sosniak and D. 
Hensler for providing sputtered V films, and to ac- 
knowledge helpful discussions with J. B. MacChesney, 
H. J. Guggenheim, G. E. Smith, and P. Fillingham. 

Manuscript received July 25,1967. 

Any discussion of this aper will ap ear in a Dis- 
cussion Section to be pubhhed in the 8ecember 1968 
JOURNAL. 

REFERENCES 
1. F. J. Morin, Phys. Rev. Letters, 3,34 (1959). 
2. S. Kachi, T. Takada, and K. Kosuge, J. Phys. Soc. 

Japan, 18,1839 (1963). 
3. K Kosuge, T. Takada, and S. Kachi, ibid., 18, 318 

(1963). 
4. S. ~ i n o k u r a  and H. Nagasaki, ibid., 19,131 (1964). 
5. H. Sasaki and A. Watanabe, ibid., 19, 1746 (1964). 
6. P. F. Bongers, Solid State Commun., 3, 275 (1965). 
7. H. J. Guggenheim, To be published. 
8. G. Goodman, Phys. Rev. Letters, 9, 305 (1962). 
9. I. G. Austin, Phil. Mag., 7,961 (1962). 
10. D. Adler and J. Feinleib, Phys. Rev. Letter, 12, 700 

(1964). 
11. J. B. MacChesney, J. F. Potter, and H. J. Guggen- 

heim, This Journal, 115,52 (1968). 
12. S. Koida and H. Takei, J. Phys. Soc. Japan, 22, 

46 (1966). 
13. E. N. Fuls, D. H. Hensler, and A. R. Ross, Appl. 

Phys. Letters, 10, 199 (1967). 
14. G. A. Rozgonyi and W. J. Polito, Awl. Phys. 

Letters, 8,220 (1966). 
15. P. V. Gel'd, S. I. Alyamovskii, and I. I. Matveenko, 

Russ. J. Inorg. Chem., 5, 815 (1960). 



The Measurement of Ionic Mobilities in the 
Anodic Oxides of Tantalum and 

Zirconium by a Precision Sectioning Technique 
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ABSTRACT 

The technique of removing thin sections of anodic oxides by vibratory 
polishing has been used in conjunction with implantation of anion, cation, and 
inert gas radiotracers to measure the mode of anodic oxide formation on 
Zr and Ta. The measured transport number for metal during the growth of 
TazOs (0.28) is in good agreement with previous work. ZrOz is shown to grow 
by oxygen migration and preliminary experiments suggest that the process 
occurs by rapid movement of the oxygen along defects. Comparison of the 
movement of anion and cation radiotracers with that of an inert gas provides 
additional evidence that xenon and krypton may be regarded as immobile 
markers for use in oxidation studies. 

The transport mechanism responsible for oxide film 
growth on metals, i.e., whether growth occurs by 
metal or oxygen migration or both, can best be mea- 
sured by the use of inert markers. These markers can 
be placed initially on, or just beneath the surface of 
the specimen, and any change in their location, due to 
subsequent oxidation, is then directly related to the 
transport mechanism involved. 

The best type of marker for thin anodic films is 
an inert radiotracer injected at a known depth by 
means of an isotope separator (the conventional em- 
bedded Pt wire method is not suitable for oxides of 
thicknesses less than a few microns). This radiotracer 
method, using l25Xe as the radioactive marker has been 
used previously [ ( I )  and references cited therein] to 
study the anodic oxidation mechanisms of several 
"valve" metals, including Zr and Ta, the position of the 
Xe before and after oxidation being determined by 
p ray  spectroscopy. 

A detailed pictorial illustration of the method of 
obtaining transport numbers from these radiotracer 
measurements is shown in Fig. 1. The initial location 
of injected Kr atoms in an oxide layer is shown. In 
the case where the oxide grows by oxygen migration 
alone, the marker atoms stay at the same distance from 
the outer surface; where only metal migration occurs 
the marker atoms remain at the same distance from the 
metal-oxide interface; and where a combination of 
metal-oxygen migration occurs, the marker atoms are 
buried to an intermediate depth which depends on the 
ratio of metal to oxygen ion mobility. 

As noted in the previous work ( I ) ,  the ideal marker 
atoms should be immobile and should not significantly 
change the properties of the oxide in which they are 
embedded. Hence, they should be: (i) uncharged, so 
that no movement occurs due to the applied electric 
field, (ii) large in size, so that diffusion within the 
oxide is not a significant factor, and (iii) present in 
trace amount, so that the macroscopic properties of 
the oxide remain unaltered. Inert gas isotopes, such 
as lZ5Xe, lS3Xe, etc., are expected to fulfill rather 
closely these requirements of the ideal marker. 

Although it is difficult to devise an experiment to 
show unambiguously that the inert gas markers are 
or are not immobile, some indication of this can be 
expected by comparison of the behavior of inert gas 
atoms with that of anions and cations. This type of 
experiment can best be performed by injecting two 
or more radiotracers in the same specimen, then locat- 
ing simultaneously their positions relative to each 

'Present address: Department of Electrical Engineering and Elec- 
tronics. The University of lverpool. Liverpool, England. 

other. The results of such experiments are reported 
here. 

A new method of determining the locations or depth 
distributions of the radiotracers before and after oxi- 
dation has been used. This is a method of precise 
sectioning using a vibratory polisher which allows 
layers as thin as 20A to be removed. As successive 
layers are removed, the fraction of tracer remaining is 
determined by measurement of the residual activity, 
thus providi.ng a direct measure of the location and 
depth distribution of the markers. 

Experimental Method 
The sectioning technique makes use of a commercial 

vibratory polisher* and has been described previously 
(2). Briefly, the specimens to be sectioned are pre- 
pared in the form of right cylinders - M in. diameter 
by - 3/4 in. long. These have one face mechanically 
polished on carborundum paper, then on successively 
finer diamond grit down to 0.25 pm before being fi- 
nally vibratory polished in an aqueous slurry of 0.05 
pm Linde A A1203 for 72 hr. It has been shown (2) 
that this treatment leaves a virtually undeformed 
mirror-like surface. 

The anodic oxide films required for the sectioning 
procedure were prepared by anodizing vibratory pol- 
ished surfaces of Ta and Zr at l ma/cmz, using 0.1M 

3 Syntron Company. Homer City, Pennsylvania. 

K ~ " ~ T O M ~  - 
INJECTED BY - 

MASS - 
SEPARATOR 

.: MARKER ATOMS 
METAL MOVES 

METAL R OXYGEN MOVE 

Fig. 1. A schematic representation of the effect of metal and 
oxygen migration on the final position of an inert marker in an 
oxide film. 
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HzS04 as the electrolyte for tantalum and saturated 
ammonium borate for zirconium. 

The rate of removal of Ta205 and ZrOz was calibrated 
by observing optically the residual oxide thickness 
after each layer was removed, and plotting this thick- 
ness us. the polishing time. The oxide thicknesses 
were measured on a U.V. spectrophotometer, using the 
interference minima-oxide thickness calibration data 
of Young (3) for Tag05 and of Wilkins (4) for ZrOz. 
The rate of removal of TazOs is shown in Fig. 2; the 
slopes correspond to a rate of 5OA/min of vibratory 
polishing. The ZrOz removal rate (Fig. 3) is not so 
uniform initially but becomes reasonably constant 
after the first 100A. As the removal rate is less than 
5 atom layers per minute of vibratory polishing, it is 
perhaps not too surprising to find that the rate differs 
somewhat from one experiment to the other. It means, 

0 5 10 15 20 25 

VIBRATORY POUSHING TIME - MINUTES 

Fig. 2. Spectrophotometric calibration of sectioning method for 
TolOs: X, specimen 1; e, specimen 2. 

0 2 4 6 8 1 0  X) 28 
VIBRATORY POLISHING TIME - MINUTES 

Fig. 3. Spectrophotometric colibrotion of sectioning method for 
ZrOe: A, X, @, +, specimens 1, 2.3. and 4. 

however, that a more careful spectrophotometric con- 
trol is required for Z r a  than for Ta205. 

The choice of radiotracers was governed by the 
need to have (i) an anion, a cation, and an inert gas, 
(ii) such a trio having approximately the same mass 
so as to have the same initial depth distribution, and 
(iii) having activities that could be determined in- 
dewndentlv by a combination of radioactive mea- 
su;ing techniques. 

The trio 82Br, 85Kr, and 86Rb fulfill these requirements. 
Conditions (i) and (ii) are obviously met and con- 
dition (iii) also, as 82Br and s6Rb emit @- particles and 
gamma rays while 85Kr is an almost pure p- emitter. 
These properties, therefore, make it possible for the 
inert gas and the anion or the inert gas and the cation 
to be injected in the same specimen and the precise 
location of each isotope determined by a combination 
of sectioning, measuring the @ and 7 activities and 
comparing these measurements to a standard source of 
each isotope. 

In a typical experiment, two specimens of 'Fa, ano- 
dized to 20v in order to form an oxide layer m 400A 
thick, were used. The Chalk River isotope separator 
(5) was utilized to inject 30 kev 85Kr and seRb into 
one and 30 kev 85Kr and 82Br into the second. The 
depth distributions of these embedded atoms were then 
measured by removing successive thin layers on the 
vibratory polisher and using the isotope-selective p- 
and 7-counting technique to determine at each stage 
the residual activity of both radiotracers indepen- 
dently. 

The anodizing and injection procedure was then 
repeated but the oxide layer was increased to a total 
thickness of l6OOA (80v) before the depth distribution 
was measured. The depth distributions of each isotope 
were again obtained by @- and 7-counting. 

Results and Discussion 
The distribution of the three isotopes in TazOs before 

and after oxide growth is shown in Fig. 4. It is assumed 
at this point that Kr is a truly immobile marker, so 
the abscissa scale for the initial distribution (upper 
scale) has been displaced to make the two Kr peak 
positions coincide. The fraction of oxide growth by 
metal migration outward is then immediately seen. Of 
the extra 1200.4 of oxide grown, 340A are due to metal 
migrating outwards, and hence 860A are due to oxygen 
moving inwards. This gives a transport number for 
the metal of 0.28 2 0.03 in good agreement with the 
previous values of 0.31 0.03 by p ray  spectrometry 
(1) and of 0.255 f 0.004 by a chemical stripping 
method (6). 

INITIAL OXIDE THICKNESS A 
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Fig. 4. Differential distribution of 3 0  kev 88Rb. (.), 85Kr (x) 
and 82Br (A) in To205 before (- - - -) ond after (-) addi- 
tionol anodizing. The obscisso scale for the initiol distribution hos 
been shifted by 340A (upper scale) in order to moke the 85Kr 
peak positions coincide. 
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Fig. 5. Differential distribution of 30 kev 8BRb, (a), 85Kr 
(x) and 82Br (A) in ZrO2 before (- - - -1 and after (-) addi- 
tional anodizing. 

The final locations of 82Br and 86Rb indicate that 
bromine migrates inwards, but with two thirds the 
mobility of the oxygen, and that the rubidium migrates 
outwards with two thirds the mobility of the Ta. Quali- 
tatively, this behavior is what would be predicted from 
simple chemical considerations, viz., that Br migrates as 
an anion, and Rb as a cation. The broadening of the Br 
peak may be attributed to the combination of (i) a 
random walk broadening due to movement of the ions 
during oxide growth and (ii) the preferential removal 
of oxide from the edges of the specimen [c.f. ref. (2)). 

The location of Kr, Br, and Rb in ZrOz after anodic 
oxidation is shown in Fig. 5, where again the initial 
distribution of the three isotopes is shown by the 
dotted line. In this case the final distribution curves 
are virtually the same as the initial one (except for 
a slight broadening), indicating that no new oxide 
has been formed on the surface, and that therefore all 
the oxide formation is by oxygen migrating inwards. 
This is in agreement with the previous work (1). 

However, it is interesting to note that although 
zirconium oxide grows almost completely by oxygen 
migration, the Br anion does not move appreciably 
as it does during the growth of tantalum oxide (Fig. 4). 
This would indicate that in ZrOz, a large monovalent 
ion such as 82Br has a negligible mobility compared to 
the oxygen ion. An alternative possibility is that 
oxygen movement in ZrOz is by way of holes, grain 
boundaries, defects, etc. Such a transport mechanism 
might not be available to the marker atoms because 
these are embedded uniformly at a depth of about lOOA 
in the oxide lattice. 

It is known that anodically formed Ta205 is amor- 
phous (7) while ZrOz formed anodically in saturated 
ammonium borate is crystalline (8) and may contain 
defects such as holes, cracks, etc. This information 
strengthens the latter explanation but a more direct 
method of testing it would be to add 82Br atoms to the 
electrolyte and then measure their uptake into a 
growing 21-02 film, and their final depth distribution 
within the ZrOz layer. 

Preliminary experiments of this type indicate that 
an appreciable amount of 82Br does in fact penetrate 
deeply into the growing ZrOz layer. The measurements 
were made by first growing a 400A (20v) oxide in 
inactive electrolyte then increasing the oxide thickness 
to 700A (35v) in Br- doped electrolyte. Sectioning 
and measurement of the residual Br- activity showed 
that it was distributed throughout the complete oxide, 
old and freshly formed. The experiment was repeated 
but in this case the initial undoped oxide was formed 
to a thickness of 400A (20v) then immersed in the 
Br- doped electrolyte at 10v. Again, on sectioning, 

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

These results, together with the observation (Fig. 2) 
that none of the radiotracers moves appreciably during 
the anodic formation of ZrOz, suggests that defects, 
holes, grain boundaries etc, may contribute signifi- 
cantly to the mode of oxygen movement through the 
growing oxide. This has been postulated previously 
by Cox and Roy (9) who measured the diffusion of 
oxygen into growing oxide films of zirconium, and 
concluded that the measured rates represented diffu- 
sion along easy paths which were "probably crystallite 
boundaries." 

Additional evidence that ZrOz grows by oxygen 
migration was obtained by injecting 30 kev 'SsXe into 
a 400A ZrOz layer, increasing the oxide thickness to 
1600A and finally injecting 30 kev lZ5Xe. The depth 
distributions of the two Xe isotopes were then mea- 
sured simultaneously by the sectioning technique and 
the separation of the gamma ray peaks of 133Xe (81 
kev) and l25Xe (243 kev). Since the ranges of 30 kev 
l25Xe and 133Xe are virtually the same (101, their final 
depth distributions in ZrOz should be identical provided 
that the oxide grows by oxygen migration alone. The 
results (Fig. 6) illustrate that the l33Xe and '25Xe have 
almost exactly the same location, the extent of metal 
ion transport, if any, being evidently less than 1%. 

Summary 

The comparison of cation and anion movement with 
the location'of krypton in the anodic oxides of tantalum 
and zirconium, and the measurement of different iso- 
topes of xenon in ZrOz has provided additional evi- 
dence that xenon and krypton are immobile markers 
for use in oxidation studies. The lack of measurable 
broadening of the krypton distribution tends to con- 
firm this. 

The transport number of metal in the anodic oxida- 
tion of tantalum has been measured as 0.28 f 0.03, in 
good agreement with other workers' results. The ano- 
dic oxidation of zirconium has been shown to proceed 
almost entirely by oxygen migration, probably by some 
defect mechanism. 

The technique of removing thin sections of anodic 
oxides by vibratory polishing has been shown to be 
suitable for the measurement of ionic transport num- 
bers in Taz05 and ZrOz. This type of measurement 
may in principle be extended to any other metals on 
which coherent oxides can be formed. A large number 
of isotopes may be used as wdiotracers as shown and, 
if chosen carefully, may be used simi~ltaneously. 

OXIDE THICKNESS A 

Fig. 6. Differentid distribution of 30 kev lYYXe (0 )  in 4001 
and 30 kev lZ5Xe (X) in 16001 ZrOz. 
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Property Changes in Pyrolytic Silicon Nitride with 
Reactant Composition Changes 

V. Y. Doo,* D. R. Kerr,* and D. R. Nichols1 

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

ABSTRACT 

Property changes in pyrolytic silicon nitride were investigated as a func- 
tion of the reactant composition (si1ane:ammonia ratio). The potential of 
developing cracks in films deposited on silicon was greatly reduced by de- 
creasing the ammonia injection rate. However, all films in this work with low 
ammonia and the films in the previous work with high ammonia were 
amorphous. Decreasing the ammonia injection rate increases the index of 
refraction and the electronic leakage while decreasing the dissolution rate 
(in 48% HF). The deposition rate, the dielectric constant, and the flat-band 
charge density are not significantly affected by the ammonia injection rate. 

In pyrolytic deposition of amorphous silicon nitride 
films by the reaction of silane and ammonia (1-4), an 
excess quantity of ammonia is normally' injected into 
the reaction chamber to ensure that the silane will 
react completely. The properties of the films de- 
posited with si1ane:ammonia injection ratios in the 
range of 1:20-40 and under given conditions (tem- 
perature, deposition rate, etc.) are essentially the 
same (1). As the ammonia injection rate is gradually 
reduced to approach the silane injection rate, the am- 
monia becomes scarce around a silane molecule. One 
expects part of the silane to decompose and then be 
deposited on the substrate without reacting with am- 
monia, thus causing deficient Si-N bonds in Si3N4 
films. In other words, the composition of the silicon 
nitride films would become silicon rich, thereby affect- 
ing the film properties. This paper reports the findings 
on the property changes of amorphous silicon nitride 
films as a function of the reactant composition. 

Experimental Procedures 
The amorphous silicon nitride films were prepared 

by the pyrolytic reaction of silane and ammonia in a 
hydrogen atmosphere (1-4). The reaction occurred in 
a fused quartz tube in which a surface treated high- 
purity graphite susceptor was used to couple with an 
rf coil placed outside of the quartz tube. The injection 
rates of silane and hydrogen were maintained at 
1 ml min-I and 4 liters min-1, respectively, through- 
out this work, while the injection of ammonia was 
regulated to the predetermined rate. 

The substrates were n-type silicon wafers of about 
1.5 ohm-cm. The wafers were chemically polished in 
HF-HNO3 solution. Prior to deposition, the substrate 
surface was in situ cleaned by heating in hydrogen at 
about 1225°C. The substrate temperature was then 
lowered to the predetermined deposition tempera- 
ture. After the substrate temperature, which varied 

lPresent address: Materials Research Carporation, Orangeburg, 
New York. 
' Electrochemical Society Active Member. 

from 800" to 100O0C, was stabilized, the deposition of 
nitride film proceeded. 

The film thickness of the amorphous silicon nitride 
was measured by the interference fringes under so- 
dium light and checked by a Tolansky (5) interferom- 
eter. The index of refraction was determined by thc 
differential interfringe spacing method (1) with so- 
dium light ( h  = 5900A) on samples with the nitride 
films deposited on thermally oxidized silicon sub- 
strates. Estimated accuracy is f 0.05. 

Electrical properties of the films were investigated 
using MIS (metal-insulator-silicon) capacitors. After 
deposition of the silicon nitride films (typically 6000A 
thick), circular aluminum electrodes (20 mil diam- 
eter) were evaporated to form the MIS structures. 
Surface charge was determined from the well-known 
capacitance-voltage measurement (6,7) using a fre- 
quency of 10 kHz. Dielectric constant and electronic 
leakage measurements were made on the same struc- 
tures. 

Results and Discussion 
The structure of the pyrolytic silicon nitride films 

was studied by the transmission electron diffraction 
and electron microscopy. The results of all the films 
studied confirmed earlier reports (1) that the films 
were amorphous. A typically broadly diffused dif- 
fraction pattern is shown in Fig. 1. In one sample pre- 
pared at 800" with the silane to ammonia injection, 
ratio of 1: 1, however, a thin layer of fine polycrystal- 
lites was detected at the film-substrate interface. Fig- 
ures 2 and 3 show the transmission electron diffraction 
and the transmission electron microscopy, respectively, 
of the polycrystalline material identified as silicon 
crystallites. The deposit of silicon crystallites may have 
been caused by the sudden surge of silane at the be- 
ginning of deposition. Other samples grown at the 
same substrate temperature and si1ane:ammonia ratio 
with silane injection started 15 sec after ammonia 
showed no evidence of the presence of polycrystalline 
silicon. 
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Fig. 1. Typical tronsmission electron diffroction pottern of pyro- 
lytic amorphous silicon nitride. Spots are from single crystal sili- 
con substrote. 

Earlier work (1) reported that cracks are often ob- 
served on thick (>lp) silicon nitride films grown on 
silicon substrates. The density of cracks increased with 
increasing film thickness and growth rate (>500A 
min-1). Thick silicon nitride fllms were grown at a 
si1ane:ammonia injection ratio of 1:40. The potential 
of developing cracks in silicon nitride Alms (on sili- 
con) is greatly minimized for ratios of 1: 1 to 1: 5 even 
though the growth rate is a factor of three greater 
(1500A min-1) as shown in Fig. 4. These results in- 
dicate that the composition of the reactants has a pro- 
found effect on the stress and strain in the silicon ni- 
tride-silicon interface. 

The growth rate of the silicon nitride is plotted as 
a function of the silane to ammonia injection ratio as 
shown in Fig. 4. Note that at a given deposition tem- 
perature, the deposition rate is practically independent 
of the ammonia injection rate when the silane to am- 
monia injection ratio is in the range of 1: 1 to 1: 10. The 
scattering of results was caused primarily by the ex- 
perimental error in controlling low injection rates of 
the reactant gases and the error in thickness measure- 
ments. 

The index of refraction of the pyrolytic silicon ni- 
tride was investigated as a function of the silane to 
ammonia injection ratio. In general, the index of re- 
fraction increases with decreasing ammonia injection 
rates at all the deposition temperatures (from 800" to 
1000°C). At the highest ammonia injection rates 
the refractive index was in the range 2.0-2.1. When the 
ammonia injection rate equals the silane injection 
rate, the index of refraction of the amorphous silicon 
nitride films exceeds the index of refraction of the 
crystalline a-Si3N4 (RI = 2.1) (8). These results 
strongly indicate that the composition of the pyrolyti- 
cally deposited films change gradually toward silicon 
rich silicon nitride as the ammonia injection rate is 
reduced to approach the silane injection rate. Since the 
film structure is amorphous, the excess silicon atoms 
must be dispersed randomly within the silicon nitride. 

The dissolution rate of the silicon nitride in 48% HF 
(at room temperature) was determined. Figure 5 
shows the dissolution rate plotted as a function of the 
silane to ammonia injection ratio. The dissolution rate 
of the silicon nitride films grown at a given silane to 
ammonia iniection ratio decreases as ex~ected with in- 

Fig. 2. Tronsmission electron diffroction pottern of polycrptalline creasing deposition temperature. The 8b0.c films dis- 
silicon detected a t  the interfoce of silicon nitride-substrate. solved much faster than the 900" and 1000°C films. 

Fig. 3. Tronsmisrion electron microscopy of the same sample or 
Fig. 2. 
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Fig. 4. Growth rote vs. silane to ommonia iniection ratio 



Vol. 115, No. 1 CHANGES IN PYROLYTIC SILICON NITRIDE 

0 800.C FILMS 
o 900.C FILMS 

I 1000.C FILMS 

I I t  

1:10 1:s 1:2 1:1 

SlH4: NH3 RATIO 

I s 3  
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SIH, :NH, RATIO films. Measurements are a t  25'C and 10 kHz. Each data point 

fig. 5. Dis,olution rate in done to ammria injec- 7~2:: :im:ivid*l 
0, 800°c film; 0. 9woc  films; 

tion ratio. 0,  800°C films; X, 900°C films; 0, 1000°C films. 

This suggests that the 800°C films are substantially 
less tightly bound than the 900" and 1000'C films. The 
dissolution rate of the films grown at  a given tempera- 
ture decreases with decreasing ammonia injection rate 
as it approaches the silane injection rate. This can be 
due to the film composition changing toward the sili- 
con rich silicon nitride. 

In all capacitance-voltage measurements a negative 
bias is required on the aluminum to observe the fiat- 
band capacitance. Flat-band surface charge is defined 
by NFB = CNVFB/~ where CN is the nitride film ca- 
pacitance per square centimeter, VPB is the fiat-band 
bias, and q is electronic charge. In Fig. 6 the surface 
charge is plotted us. si1ane:ammonia ratio for films 
cIeposited at 800", 9004, and 1000°C. It is seen that the 
magnitude of NFB varies with deposition temperature 
(900°C giving lowest values) but has little dependence 
on the si1ane:ammonia ratio. The surface charge has 
the same sign as that found with thermally grown 
SiOz but is an order of magnitude larger (7). The di- 
electric constant of the films was obtained by measur- 
ing capacitance per square centimeter in the accumu- 
lated portion of the C-V characteristic and thickness 
by the Tolansky technique (5) after etching a step 
with HF. Uncertainties in the film thickness, electrode 
area, and capacitance indicate an absolute error in 
the dielectric constant of, at  most, 3%. This permits 
more accurate dielectric constant measurements than 

SiH4: NH3 RATIO 

Fig. 6. Flot-band surface charge from C-V measurements on py- 
rolytic silicon nitride films deposited on silicon. Measurement fre- 
quency is 10 kHz. 0, 8W°C films; 0,  900'C films; X, 1000°C 
films. 

those previously reported (1.9). Figure 7 shows that 
the relative dielectric constant (measured at  10 kHz) 
has little dependence on the deposition temperature or 
the si1ane:ammonia ratio and approaches a value of 
7.6 as the ammonia fraction increases. Dielectric con- 
stant measurements over the range 100 Hz to 1 MHz 
show no variation with frequency. 

At high fields (E > 106 V/cm), electronic leakage 
currents were observed at  room temperature in the 
MIS devices. These currents are characterized as being 
reproducible between devices on a given wafer, being 
symmetrical with respect to polarity of the d-c bias, 
showing no decay with time, and having a nonohmic 
I-V characteristic. Note that log ( I / A )  is a linear 
function of the square root of the applied field as 
shown in Fig. 8 and that doubling the field results in 
a current increase by several orders of magnitude. 
Figure 8 also shows a strong dependence of the con- 
ductivity on the si1ane:ammonia ratio. Increasing the 
ammonia fraction causes a shift of the curve to higher 
fields with little change of slope. Increasing the am- 
monia fraction beyond the 1: 10 ratio causes very little 
additional shifting of the characteristic. The slopes of 

THEORETICAL SLOPES 
4. SCHOTTKY 

10-0- 

Fig. 8. Electronic leakage of pyrolytic silicon nitride films de- 
posited a t  900°C. Measurements are at  2S°C, and the silane:om- 
monia ratios are given in parentheses on each curve. Theoretical 
slopes are shown for Schottky barrier injection and Frenkel-Poole 
emission from traps. 
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the curves permit a tentative identification of the con- 
duction mechanism. Schottky barrier injection from 
the electrodes gives a current dependence on the field 
of I - exp(q*E/ne)l/2/2kT where E is the field, and e 
is the optical dielectric constant of the insulator. A 
Frankel-Poole mechanism (10) in which carriers are 
emitted from traps in the bulk of the film gives the 
dependence I - exp(q3E/ne)l/2/kT, which has twice 
the s l o ~ e  of the Schottkv eauation. These theoretical 
slopes i r e  shown in Fig.-8 using a dielectric constant 
of r / s  = 4 (refractive index squared) and T = 300%. 
The slopes of the experimental curves and the sym- 
metry with bias polarity are evidence for the bulk- 
limited, Frenkel-Poole mechanism. A detailed study 
of the conduction mechanism is being conducted. 

Conclusion 
In the pyrolytic deposition of the amorphous sili- 

con nitride films with the reaction of silane and am- 
monia, the film property changes were investigated as 
a function of the reactant composition. The reactant 
composition was changed by gradually reducing the 
ammonia injection rate while the silane injection rate 
was kept constant. The potential of developing cracks 
in silicon nitride films deposited on silicon substrates 
is greatly reduced by decreasing the ammonia in- 
jection rate to 1-5 times greater than the silane. How- 
ever, the structure of all films in this work grown with 
low ammonia and in the previous work (1) with high 
ammonia ratios is amorphous. The index of refraction 
increases while the dissolution rate in 48% HF de- 
creases with a decreasing ammonia junction rate. 
These results indicate that silicon nitride films grown 
with reduced ammonia (approaching the silane rate) 
are silicon rich in film composition. The electronic 
leakage current increases rapidly with decreasing am- 
monia. The film deposition rate, the dielectric con- 
stant, and the flat-band charge density are not signifi- 
cantly affected by the ammonia injection rate. 
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Computer Programs for Quantitative and 
Semiquantitative Analysis with the 

Electron Microprobe Analyzer 

S. S. So and H. R. Potts* 

Systems Development Division, International Business Machines Corporation, Endicott, New York 

ABSTRACT 

A description of two FORTRAN IV computer programs is presented to 
simplify quantitative and semiquantitative analysis with the electron micro- 
probe analyzer. The first program, EPMP1, determines the weight fraction of 
each element in a specimen from the characteristic x-ray intensity mea- 
surements of the specimen and the standards. The second program, EPMP2, 
calculates the relative characteristic x-ray intensities of all the elements in a 
specimen by assuming the composition of the specimen to be known. The 
correction procedure includes dead time correction, one of two background 
corrections (either constant background or background depending on com- 
position), Philibert's absorption correction modified by Duncumb and Shields, 
one of three fluorescence corrections (either Birks', Castaing's, or Reed's), and 
a compound standard correction. The effects of the absorption and the fluores- 
cence of each element in the specimen are easily seen from the output results. 
Versatility, efficiency, and ease of operation are emphasized in the programs. 

Two FORTRAN IV computer programs1 have been first program, EPMP1, calculates the weight fraction 
written to facilitate quantitative and semiquantitative of each element in the specimen from the character- 
analysis with the electron microprobe analyzer. The istic x-ray intensity measurements of the specimen 

Present address: IBM. Components Division. East Fishkill. New and the standards. The second program, EPMP2, which 
York. is essentially the inverse of the first program, calcu- 

l The program package is available from the IBM Program In- lates the relative characteristic x-ray intensities of all formation Department, Hawthorne. New York. 
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the elements in the specimen by assuming the com- 
position of the specimen to be known. 

Many correction procedures for electron microprobe 
analysis are available in literature (1-13). Each pro- 
cedure has it merits and deficiencies, depending on 
the system being analyzed. Because of the complex, 
tedious, and time-consuming process of these correc- 
tion procedures, computer techniques have been used 
to make proper correction for a more accurate quanti- 
tative analysis (14-18). The present programs in- 
clude the following corrections: (i) dead time correc- 
tion, (ii) a background correction (either constant 
background or background dependent on composition), 
(iii) Philibert's absorption correction modified by 
Duncumb and Shields, (iv) Birks', Castaing's, or 
Reed's fluorescence correction, and (v) a compound 
standard correction. However, there is no correction 
provided in the programs for the errors contributed by 
the following: atomic number effect, fluorescence ex- 
citation by the continuum, or contamination of the 
specimen and the standards. 

The programs emphasize versatility and ease of op- 
eration. The large combinations of input data indicate 
the flexibility of the programs; this flexibility allows 
use of experimental data from various commercial 
electron microprobes. Codes for the various correc- 
tions are provided to eliminate unnecessary input data 
and computations; these codes thus enhance the effi- 
ciency of the programs. 

Theory of Corrections 
The theory of electron microprobe analysis is based 

on relating the weight fraction of an element in a 
specimen to a ratio. This ratio is defined as the char- 
acteristic x-ray intensity generated in the specimen to 
that generated by a pure standard of the same element 
under the same experimental conditions. The char- 
acteristic x-ray intensity measured by the electron 
microprobe analyzer is affected by the following: finite 
resolving time of the detector, background x-ray spec- 
trum, absorption of the emerging characteristics radia- 
tion in the specimen, and the fluorescence excitation 
by the characteristic radiations of other elements in 
the specimen. The program considers the previous ef- 
fects in order to have an accurate quantitative analysis. 

Due to the finite resolving time of the detector, the 
measured x-ray intensity, IM, is less than true inten- 
sity, IT. If the dead time, DT, is known, the program 
will make a dead time correction for all measured 
x-ray intensities as given by 

where DT is in microseconds. If no dead time correc- 
tion is necessary, set DT = 0, and the program will 
bypass above calculation. 

Two types of background intensity corrections are 
provided in the program, the constant background and 
the background depending on the composition. If the 
continuum x-ray intensity, IB, is small compared with 
the measured characteristic intensity, IT (corrected for 
dead time), a constant background may be used. The 
corrected x-ray intensity for the ith element in a 
matrix or the ith standard element is simply given by 

However, for very small weight fractions (where the 
characteristic intensity approaches that of the con- 
tinuum) the background intensity must be measured 
for each characteristic radiation and for each element 
in the specimen. Then the background intensity for 
the ith element is given by 

Ijl is the background intensity of the i'h element due 
to the jth element. The summation is carried over all 
the elements in the specimen. 

The characteristic radiation is generated beneath 
the surface of the target and undergoes absorption 
when it emerges from the target before being detected 
by the spectrometer. Philibert's absorption correction 
(4), modified by Duncumb and Shields ( l l ) ,  is used 
in the program. The true weight fraction of the ith 
element in the specimen, with absorption correction, 
is given by 

Fstd (x) 
WI = Ire1 [*I 

where the relative x-ray intensity, Ir,l, is defined as 
the ratio of measured characteristic x-ray intensity 
from the specimen to that of the standard (corrected 
for dead time and background) 

and Fstd (x) and Fi are the absorption correction 
factors for the standard and the specimen, respec- 
tively. The absorption correction parameter is given 
bv 

where 
x = cosec q cos e 2 PIJ Wj 

1 
[71 

with pij as the mass absorption coefficient for charac- 
teristic radiation generated from the jth element ab- 
sorbed by the ith element, $ as x-ray emerging angle 
with respect to the surface of the target, 0 as incident 
electron beam angle with respect to the normal of the 
target, A as the atomic weight, Z as the atomic num- 
ber, V as the incident electron beam potential, and 
V, as the critical excitation potential. Note that the 
parameter x has been modified to account for the in- 
clination of the target to the electron beam. 

When the characteristic radiation of the jth element 
is shorter in wavelength than the absorption edge of 
the ith element, it is able to enhance the characteristic 
radiation of the ith element. The true weight fraction 
of the ith element in a specimen, with both absorption 
and fluorescence corrections, is then given by 

where Kf is the fluorescence correction factor. Three 
methods are available in the program to calculate the 
fluorescence correction parameter, Kr. 

Birks' equation (7) is given by 

where Eij is the excitation efficiency of the ith element 
by the characteristic radiation of the jth element, and 

is the mass absorption coefficient of the specimen 
for characteristic radiation generated from jth element. 

Castaing's equation (1) is given by 

where Wj is the weight fraction of the jth element and 
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where 
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u = ( %) cosec i. 

with rr as the absorption edge jump ratio (12), w(K) 
as the K-shell fluorescence yield (19), and )i as the 
characteristic wavelength. 

Reed's equation (9) is a modified form of Castaing's 
equation; it considers all cases involving K and L 
characteristic radiations and may be written as 

h d  Tim. Cmrsslion Fm Ail 
Meosur.d X4.y Int.mltln 

7 
Lckgrarnd C a m c t l a  

o) C o m n t  (b) h p n b n l  on 
cornpaition 

4 
S b d r d  Inl.mity C a . c t i a  
b) su. (b)Cmpamd 

ln( l  + v) ] [161 
+v 

where PKK = PLL = 1, PKL = 0.24, P L ~  = 4.2, and 

v 
Ut=- 

vd 
FIwassmce C a e s t l a  

If a compound of known composition is used as a 
standard for the ith element instead of a pure standard, 
then the measured x-ray intensity of that 
from the compound standard (I,.) must be adjusted 
to be equivalent to the pure standard form (Ism). 
Namely, 

Ics 
Istd = - 1171 

h 

where the compound standard correction factor is cal- 
culated from 

[I81 

to include both absorption and fluorescence effects of 
the compound standard. 

Programs 
Quantitative analysis.-The flrst program, EPMP1, 

calculates the weight fraction of each element in the 
specimen from the characteristic x-ray intensity mea- 
surements of the specimen and the standards. Figure 
1 outlines the basic operation of EPMPI. Many features 
are built into the program to handle various situations 
in data compilation Any number of problems can be 
analyzed in the same run of the program by simply 
stacking each set of input data one after another. The 
program treats each set of input data as a separate 
analysis. However, in the analysis of a system of speci- 
mens consisting of the same elements but different 
compositions, the standard intensity measurements 
may change from one specimen measurement to an- 
other because of the stability of the electron micro- 
probe. In this case, the input data for the successive 
problems may be simplified by the continuation code. 
Other codes are provided for dead time, background, 
fluorescence, and compound standard corrections to 
enhance the efficiency of the program. If any of these 
corrections are not necessary, then input data is not 
required for that correction and the program will 
bypass the execution of that correction. (See List of 
Input Data.) 

The incident electron beam of variable energy may 
be inclined at any angle with respect to the target. 
The x-ray emerging angle may be varied from ele- 
ment to element in the specimen. Each element in the 
specimen has its own compound standard code, so that 
any number of compound standards may be used as 
the standard of the specimen. The elements in the 
specimen may be analyzed in any order. Furthermore, 
if there is an uncertainty in any of the specimen x-ray 
intensity measurements, that intensity may be set 
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Fig. 1. Flow chart of EPMPl 

to zero in the input data. The program will calculate 
the weight fractions of all other elements in the speci- 
men and will set the remaining weight fraction in the 
specimen equal to the weight fraction of the uncertain 
element. This is the only case where the quantitative 
analysis will yield normalized weight fractions. 

Note that the background (dependent on composi- 
tion), absorption, fluorescence, and compound stand- 
ard corrections are all dependent on the weight frac- 
tions of each element in the specimen. However, these 
weight fractions are the unknowns of the quantita- 
tive analysis. Therefore, the normalized relative x-ray 
intensities are taken as a first approximation for the 
weight fractions in calculating the correction terms. 
This is the only place where any normalization occurs 
in the iterative approximation. After having made the 
proper correction, the unnormalized weight fractions 
obtained from the previous approximation are then 
used to recalculate the correction terms for the suc- 
cessive approximations. This sets up the iterative pro- 
cedure which is satisfied by either: (i) the successive 
approximations of the weight fractions do not change 
by more than a specified error, e, or (ii) the specified 
number of iterations has been reached. In the latter 
case, a warning message will be printed out to indi- 
cate the slow convergence or the divergence of the 
iterative steps. 

All input data are printed out for easy reference, 
and they also serve as a record of the problem an- 
alyzed. In the output data, the measured relative x-ray 
intensity and the unnormalized weight fractions (with 
absorption correction or with both absorption and 
fluorescence corrections) are printed out. From these 
values, the effect of the absorption and the fluores- 
cence of each element in the analyzed system is 
clearly seen. The value of the total unnormalized 
weight fractions gives an indication of the accuracy 
of the experimental data. 
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Fig. 2. Flow chart of EPMP2 

Semiquantitative Analysis.-The second program, 
EPMP2, is particularly useful in a quick semiquanti- 
tative analysis, especially for binary alloys. By as- 
suming various combinations of the weight fractions 
of a specimen, this program calculates the relative 
x-ray intensity of each element in the specimen. Fig- 
ure 2 outlines the basic operation of EPMPZ. The 
correction procedure is the same as the first.program, 
EPMPl (for the quantitative analysis), except no 
iterative approximation is necessary since the weight 
fractions of the specimen are assumed to be known. 
The calculated results may be plotted on a graph. 
Then, from the measured relative x-ray intensity 
(taken with the electron microprobe analyzer), the 
graph directly gives the weight fraction of that ele- 
ment (Fig. 3). Furthermore, it gives an indication of 
the degree of accuracy of the x-ray intensity mea- 
surements by noting: (i) how near the measured rela- 
tive intensities approximate a vertical line, or (ii) 
how close the total measured relative x-ray intensity 
compared with the total calculated relative x-ray in- 
tensity. 

Examples 
Table I and Fig. 3 are included to illustrate 

quantitative and semiquantitative analysis with the 
electron microprobe analyzer on a system of FeNi 
alloys over a wide range of compositions. The data2 
used in each alloy correspond to the averaged values 
of three different locations on the alloy, with ten con- 
secutive measurements over each location. The mea- 
sured relative intensities (in per cent) of Table I are 
calculated by Eq. [51. 

By assuming various combinations of weight frac- 
tions of Fe and Ni, the relative characteristic x-ray 
intensities are calculated by EPMPZ. These results are 
plotted on a graph as shown in Fig. 3. Using the values 
of measured, relative, characteristic x-ray intensities 
from Table I (column 3),  Fig. 3 directly yields the 
weight fractions which are shown in column 4 of 

OMeaaurements were taken by Electron Microprobe Analyzer 
Model 400. Materials Analysis Company. at an electron beam volt: 
age of 30 kv. 

Weight Fraction of Fe 

0.2 0.4 0.6 0.8 1.0 

Weight Fraction of Ni 

Fig. 3. Calculation of relative x-ray intensity by EPMP2 for 
FeNi binary alloys. 

Table I. This gives a quick semiquantitative analysis 
of FeNi alloys. If more accurate results are required, 
the raw data from the electron microprobe analyzer 
measurements can be fed into EPMPl. Since three 
methods of fluorescence correction are available in 
the program, the differences between Birks', Cas- 
taing's, and Reed's equations are easily detected by 
comparing their results as shown in columns 5, 6, and 
7 of Table I. The weight fractions of the FeNi alloys 
were determined by chemical analysis, and listed in 
column 8 of Table I. 

By comparing column 4 of Table I with columns 5, 
6, and 7, one can see that the results of EPMP2 are 
a good approximation to the quantitative analysis. 
Furthermore, by comparing columns 5, 6, and 7, one 
should note that the fluorescence corrections by Birk's, 

Table I. Quantitative analysis of FeNi alloys 

1 

Set 

~ e a -  
sured EPMPa EPMPl 
rel- - 

ative Weight Weight Weight Weight 
Inten- frac- frac- frac- frac- 
sity, % tion tion' tionb tiono 

8 
Chemical 
analysis* 

Weight 
fraction 

I Fe 
Ni 
Total 

I1 Fe 
Ni 
Total 

I11 Fe 
Ni 
Total 

IV Fe 
Ni 
Total 

5 Birks' fluorescence correction. 
b Castaing's fluorescence correction. 
o Reed's fluorescence correction. 

G. Fisher. INCO. 
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Table II. Correlation of relative intensities calculated from weight 
fractions by EPMP2 and weight fractions calculated from these 

intensities by EPMPl 

Output from = Input to Output from 
EPMPL EPMPl EPMPl -- - -- - 

Input to EPMP2 Relative inpn- 
Weight fractions sit7 (%) Weight fractions* 

Set P Cu Cu P Cu 

Modwed Philibert's absorption correction and Reed's fluores- 
cence correction. 

Castaing's, and Reed's equations differ more signif- 
icantly for small weight fraction of Fe but tend to 
agree for larger weight fraction of Fe. 

One way to check the accuracy of the iterative ap- 
proximation of EPMPl is to use the output from 
EPMP2 as the input of EPMPl. Then by comparing 
the output from EPMPl with the original input to 
EPMP2, the difference gives a direct indication of the 
accuracy of the iterative approximation used in 
EPMPl. Table I1 illustrates this check with a system 
of PCu alloys. Nine sets of weight fractions of P 
and Cu are assumed and used in the input data to 
EPMP2. The relative characteristic x-ray intensities 
calculated by EPMPB are then used as the input data 
to EPMPl. The weight fractions calculated by EPMPl 
may be compared with the original assumed weight 
fractions. The difference, less than f 0.03%, is the 
error of the iterative approximation of EPMPl. 

Similarly, the uncertainty in any parameter of the 
correction procedure may be detected by varying that 
parameter. By comparing the output results, one gets 
an indication of the resultant effect on the quantitative 
analysis due to that particular parameter. 

Conclusions 
Two FORTRAN IV computer programs have been 

used to facilitate quantitative and semi-quantitative 
analysis with the electron microprobe analyzer. These 
programs emphasize versatility, efficiency, and ease of 
operation. A primary advantage of these programs is 
the freedom of the user to utilize many alternative 
forms of correction to coincide with the data available. 
The efficiency of the programs is enhanced by the 
codes provided, so that unnecessary input data and 
computations are eliminated. All input data are 
printed out for easy reference, and they also serve 
as a record of the problem analyzed. From the output 
results, the effect of the absorption and the fluores- 
cence of each element in the analyzed system is clearly 
indicated. 

The over-all accuracy of the quantitative and the 
semiquantitative analysis with the electron microprobe 
analyzer is still limited by many factors. I t  not only 
depends on the system of elements being analyzed, 
but also depends on the correction procedures, the 
uncertainty in their parameter values, and the over-all 
experimental error. As better theories for the electron 
microprobe analysis are developed, the present pro- 
grams can be easily modified to give more accurate 
results. 
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Crystal Growth of a New Laser Material, Fluorapatite 
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ABSTRACT 

Neodymium-doped calcium fluorophosphate is an efficient laser crystal. 
The growth method, chemistry, spectroscopy, and some pulsed laser results 
are presented. 

The growth of laser technology has resulted in the material that meets these specifications is neodymium- 
need for crystals of large size which can perform at  doped calcium fluorophosphate, Ca~(P04)sF. This ma- 
higher efficiencies than currently existing materials. A terial doped with manganese and antimony is known 

Electrochemical Society Active Member. to be an efficient phosphor and is, in fact, used in 
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fluorescent lamps. Johnson (1) has been successful in 
pulling large crystals of fluorapatite, pure and man- 
ganese-doped, from the melt. We have succeeded in 
preparing crystals by the Czochralski method which, 
when doped with neodymium, show laser oscillations 
at low threshold. This paper describes the method and 
apparatus for growth of the crystals and the pertinent 
spectroscopic data. 

Experimental 
The pulling apparatus was designed such that pull 

rates between 1 and 40 mm/hr and rotation speeds of 
10-110 rpm can be used. The furnace is surrounded by 
a quartz cylinder attached to the apparatus by means 
of a neoprene gasket and a brass flange. There are in- 
let holes for the introduction of appropriate atmos- 
pheres and a temperature sensing device. An iridium 
crucible is used to contain the fluorapatite. Insulation 
is provided by U-in. thick zirconia quadrants stacked 
to form a cylinder. A circular zirconia plate with an 
access hole caps the furnace and serves as a reflector 
for minimizing thermal losses from the surface of the 
melt. 

Heating is accomplished using a 30 kw motor-driven 
10 kc generator, the a-c power driving water-cooled 
copper induction coils. It has been found that the 
lower frequencies give fairly uniform heating even 
though there are irregularities present in the iridium 
susceptor. Even with large irregularities no "hot spots" 
have been observed. 

Temperature is controlled by using the output of a 
sapphire-light-pipe radiomatic detector and feeding 
it into an L&N Azar recorder controller. The voltage 
from the recorder controller in association with an 
L&N current adjusting type relay supplies the input 
circuit of a Norbatrol linear power controller. The 
Norbatrol output voltage supplies the necessary field 
excitation required by the 10 kc generator. 

The seed holder consists of a pin vise or a water- 
cooled copper shaft which is threaded to accommodate 
a tantalum chuck. The seed is pinned to t.he tantalum 
chuck which is then threaded onto the water-cooled 
shaft such that the seed butts against the shaft. A 
schematic of the apparatus is shown on Fig. 1. 

The fluorapatite crystals are grown in an argon at- 
mosphere. The temperature at  the surface of the melt 
as determined by optical pyrometer readings uncor- 
rected for emissivity is 1705°C during growth. Pull 
rates of 3-8 mm/hr are used, and the seed crystal is 
rotated between 30-100 rpm. The melt is quite viscous, 
and the rapid rotation rate creates a visible swirl pat- 
tern on the surface of the melt. 

Crystals obtained using rapid pull rates had visible 
feathery imperfections along the center of the boule. 
These were described by Johnson (1) as "opalescent 
inclusions." However, these "feathers' can be mini- 
mized or removed by utilizing slower pull rates in 
the range of 3-5 mm/hr. By using a seed crystal in 
which the feathers are present, it is possible to propa- 
gate these imperfections along the length of the crys- 
tal. Rapid changes in the diameter of the growing 
crystal results in large numbers of these imperfections. 
Under these conditions the p~eferred direction for the 
propagation of imperfections is along the "c" axis of 
the crystal. I t  is believed that these imperfections are 
associated with fluoride vacancies. 

Neodymium-doped crystals can be obtained by sim- 
ple substitution of neodymium for calcium in the melt. 
Since neodymium is a trivalent ion substituting for 
divalent calcium, some charge compensation is neces- 
sary. There is a self-compensating mechanism by 
which a fluoride ion may be replaced by an oxide ion. 
This can also be accomplished by the creation of a 
vacancy. The chemical formulas for crystals compen- 

Fig. 1. Schematic of crystal puller. 1, Stabilized zirconia quad- 
rant bricks; 2, stabilized zirconia quadrant plates; 3, stabilized 
zirconia quadrant cylinder; 4, 90 mm Vycor tube; 5, seed chuck; 
6, manual feed; 7, rotator motor; 8, stainless steel basin; 9, elec- 
trically operated clutch; 10, pull motor; 11, sapphire rod radiomatic 
detector. 

sated in these ways can be represented by the follow- 
ing 

Cas-3,tz Nd. (Pod3  F 
Gas-. Nd. (Pod3  FI-, 0. 

Both mechanisms are possible although it is not clear 
which predominates during growth. 

Calcium fluorophosphate is a complicated chemical 
system in which it is necessary to consider at least four 
chemical entities, Cat*, P04-3, 0 = ,  and F-. It is in- 
deed fortuitous that the combination is congruently 
melting. The substitution of neodymium in the melt is 
an additional complication. Calcium fluorophosphate is 
prepared by combining the appropriate weights of 
CaHP04, CaC03, and CaF2. The substitution of neo- 
dymium for calcium can be accomplished by the re- 
placement of any of these compounds with Ndz03. 
Crystals were grown with Ndz03 replacing CaC03, 
CaFz, and combinations of the two. In all cases crystals 
of fair quality were obtained but they had a pro- 
nounced tendency to form color centers under ultra- 
violet radiation. The problem of color centers in halo- 
phosphate crystals has been discussed by Swank (2) .  
Substitution of neodymium can also be accomplished 
by charge compensation; i.e., Na+', Nd+a pairs being 
introduced into the divalent sites. No differences were 
observed in the Nd emission spectra or in the laser 
properties, whether the crystals were ion-compensated 
or allowed to self-compensate. 

The segregation coefficient of neodymium in calcium 
fluorophosphate was determined by x-ray fluorescence 
analysis. Standard concentrations of neodymium in the 
host were prepared by solid-state reaction and ana- 
lyzed. Then small crystals were grown from charges of 
several concentrations of neodymium varying from 0.5 
to 5%. Crystals of the same concentration were pulled 
at  different rates and analyzed to insure that the sys- 
tem was near equilibrium. In each case the mass of the 
crystals pulled were less than 1% of the total charge. 
The crystals, ground into powders, were analyzed for 
neodymium by x-ray fluorescence and compared to the 
standards. In this manner the concentration of neo- 
dymium in the pulled crystal as compared to the melt 
was determined. A plot of atomic per cent (a/o) neo- 
dymium in the melt versus atomic per cent neodym- 
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Fig. 2. Relative quanta rate of fluorescence of Nd doped Ca5 
(PO4)aF a t  room temperature and 523 nm excitation. Corrected 
spectrum. 

ium in the solid was prepared and a segregation co- 
efficient of 0.52 was determined. 

Optical properties.-The fluorescence spectrum of 
Nd3 + in calcium fluorophosphate at room temperature 
is shown in Fig. 2. This spectrum has been corrected 
for sensitivity so that the amplitude is proportional 
to quanta/sec nrn. A larger fraction of the Nd3+ 
emission is present in a single line (at 10629A) than is 
found in the Nds+ spectra in most other host crystals. 
The fluorescence decay time of the NdSt fluorescence 
is 180 psec at room temperature in a crystal containing 
1 a/o neodymium by analysis. 

The spectral quantum efficiency, i.e., the number of 
quanta emitted per unit wavelength interval for each 
quantum absorbed, particularly at the peak of an 
emission line, is an important parameter for laser ma- 
terials. The room temperature line width of the prin- 
cipal line in calcium fluorophosphate is 6A, about the 
same as in yttrium aluminum garnet (YAG). The 
greater concentration of the emission in a single line 
in fluorapatite implies a greater spectral quantum 
efficiency than in YAG for the same over-all effi- 
ciency. A direct comparison of a YAG:Nd and fluor- 
apatite:Nd crystal was made by measuring both the 
amount of energy absorbed and the peak emission in- 
tensity for each crystal. It was found that the spectral 
quantum efficiency at room temperature is 2 2 0.2 

times larger for Nd3t in fluorapatite than in YAG for 
0.5 a/o Nd in each. This implies that the stimulated 
emission gain for a given rate of absorbing energy is 
correspondingly greater for fluorapatite than YAG. 
The Nd3+ absorption and excitation spectra are simi- 
lar for the two materials although fluorapatite has 
broader absorption bands which are more intense in 
the visible region of the spectrum. One would expect, 
therefore, that the threshold for the fluorophosphate 
should be considerably less than for the same size 
YAG:Nd rod for the same distributed losses. This has 
been borne out by laser tests. 

Crystals of fluorapatite with 1 a/o neodymium have 
ben fabricated into rods 6.3 mm in diameter and 37 
mm long. In the laser testing only a moderately effi- 
cient cylindrical pumping cavity was used. A typical 
rod was excited by a xenon flash lamp with an 800 Fsec 
pulse length. The laser rod had flat polished and paral- 
lel ends which were uncoated. Flat external mirrors 
were used as resonators. The threshold with reflec- 
tivities of 99% at one end and 35% at the other was 8 
joules, a factor of two lower than YAG:Nd in the 
same apparatus. The crystal measured appeared of 
poor optical quality by visual inspection and the loss 
coefficient was fairly large. However, slope efficiencies 
in excess of 1% were obtained. 

Conclusion 
Fluorapatite is by no means optimized with respect 

to either crystal quality or doping. However, sufficient 
data have been obtained to indicate potential superi- 
ority with respect to threshold and efficiency over 
existing crystalline lasers. 

. Acknowledgment 
The authors wish to acknowledge the assistance of 

W. E. Kramer and E. P. H. Metz, helpful discussions 
with Dr. R. C. Miller and A. J. Venturino, and the ana- 
lytical work of J. Rudolph. 

Manuscript received Aug. 23, 1967. 
Any discussion of this paper will ap ear in a Dis- 

cussion Section to be published in the gecember 1968 
JOURNAL. - - ~  

REFERENCES 
1. P. D. Johnson This Journal 108, 159 (1961). 
2. R. K. ~wank , ' ~hys .  Rev.,& lA, 266 (1964). 

Microscopic Rates of Growth in Single Crystals Pulled from 
the Melt: Indium Antimonide 

August F. Wit t *  and Horry C. Gatos* 

Department of Metallurgy and Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Vibrations of known frequency introduced into a melt during crystal 
growth appear as impurity "vibrational" striations in the grown crystal. The 
growth-characteristics of crystal pulling under rotation (instantaneous mi- 
croscopic growth rates and growth interface topography) were determined 
from the spacing and direction of introduced vibrational striations. I t  was 
demonstrated that periodic growth rate fluctuations (including local re- 
melting) in the "off-facet" region are associated with rotational crystal 
pulling in the presence of thermal asymmetry. As a result of local remelting 
the average microscopic growth rate was shown to be significantly greater 
than the corresponding pulling rate. "Facet" growth is unaffected by rotation 
and proceeds at  a rate which is identical with the pulling rate, although im- 
purity heterogeneities have been identified in "facet" growth regions. 

The effects of growth rates and their variations on in a large number of theoretical studies (1-7). The 
crystalline perfection and the distribution of impuri- related experimental investigations do not provide the 
ties during solidification have been treated extensively necessary information regarding instantaneous rates of 

Electrochemical Society Active Member. growth and impurity concentrations (8-15). In these 
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investigations the instantaneous microscopic growth 
rates could not be directly determined. By necessity, 
the assumption has been made in some instances that 
the growth rate is equal to the pulling rate. Very often 
this assumption is not valid on the microscale. Thus, 
the formation of impurity striations (rotational and 
nonrotational) is generally attributed to periodic or 
random variations of the microscopic growth rate 
which imply deviations from the pulling rate. The 
origin of these growth rate fluctuations is attributed to 
short time temperature variations at the growth inter- 
face, caused by rotation of the growing crystal in a 
thermally asymmetric surrounding (rotational stria- 
tions) (15), or alternately by random thermal convec- 
tions due to unavoidable temperature gradients in the 
system (nonrotational striations) (12). 

Recently a technique has been developed (16) which 
permits the determination of microscopic growth 
rates and the evaluation of interface morphology with 
high precision. This technique is presently applied to 
the investigation of InSb single crystal growth by the 
Czochralski technique. 

Experimental Procedure 
A standard Czochralski crystal puller was modified 

to permit the introduction of vibrations with con- 
trolled and known frequency into the melt during 
crystal growth (Fig. 1). The incorporation of these 
vibrations in the form of impurity vibrational stria- 
tions was achieved by doping the InSb melt with tel- 
lurium (15 mg of Te per 50g of InSb). All crystals 
were grown in a < I l l >  B direction (14) and sub- 
sequently cut along the growth axis to expose a (211) 
plane. The cut crystals were then mounted in plastic 
and polished. The flnal polish was obtained with a 
Linde "B" abrasive on a rotating wheel with the pol- 
ishing direction parallel to that of the growth axis. It 
was found to be important that alumina abrasive par- 
ticles be carefully removed from the InSb surface 
by means of a cotton pad under running water. The 
InSb crystal while still wet was immersed in a ner- 
manganate etchant for 2 min (17). The etched speci- 
mens were then rinsed in tap water, washed with soap, 
and dried in hot air. The etching process revealed im- 
purity heterogeneities including the vibrational stri- 

TEMPERATURE 

JJ-L 

Fig. 1. Schematic representation of crystal growth arrangement 

ations as elevations and depressions since the rate of 
etching is a function of the impurity concentration in 
the semiconductor. The presence of Te in InSb de- 
creases the rate of etching. The microscopic investiga- 
tion was performed with an interference contrast mi- 
croscope (Normarski interferometer). 

Experimental Results and Discussion 
Effects of thermal asymmetry on rotational crystal 

growth.-A recent investigation (15) of crystal growth 
under rotation revealed that in the presence of ther- 
mal asymmetry the instantaneous microscopic growth 
rate should be subject to sinusoidal fluctuations and 
follow the relationship 

2xATR 
V =  V.-- cos 2nRt 

G 

where V is the instantaneous rate of growth, V, is the 
pulling rate, AT is the temperature variation during 
a 360" seed rotation, R is the rate of rotation, G is 
the temperature gradient in the melt, and t is the 
time. 

Figure 2 is a section near the periphery of a single 
crystal which was pulled at a rate of 22 mm/hr and 
rotated at a rate of 8 rpm. The vibrational frequency 
was 3.5/sec. The thermal asymmetry was measured by 
a rotating thermocouple in the melt (without the seed 
present) at a distance of 6 mm from the rotational axis 
and was found to be 1.8"C for a full rotation. It is, of 
course, expected that the thermal asymmetry during 
actual growth (AT in Eq. [I])  is somewhat different 
from the one measured. The changing spacing of the 
vibrational striations clearly reveals periodic growth 
rate changes with a periodicity of V,/R. The so-called 
rotational striations (indicated by arrows) can be 
clearly identified here as the result of a decreased 
microscopic growth rate (decreased spacing in vibra- 
tional striations) which took place in the "hot" region 
of the thermally asymmetric melt (15). The actual in- 

Fig. 2. Peripherol (off-facet) section of a Te doped lnSb single 
crystal. The variotions in the spacing of the vibrational striations 
reflect fluctuations in the microscopic rate of growth. Rotational 
striations appear as areas of decreased growth rate (arrows). 
Pulling rate 22 mm/h; rate of rotation 8 rpm; vibrotional fre- 
quency 3.5/sec. Magnificotion ca. 600X. 
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Fig. 3. Microscopic growth rates of the crystal shown in Fig. 2, 
as computed from the spacing of the vibrational striations meas- 
ured a t  a distance of 1 5 ~  from the actual crystal periphery. 

stantaneous growth rates, corresponding to the crystal 
of Fig. 2, as determined from the spacing of consecu- 
tive vibrational striations are seen in Fig. 3. The sinu- 
soidal variations predicted in Eq. [I] are clearly 
shown. It should be noted that thermal conditions 
other than those assumed in Eq. [I] and encountered in 
the case of Fig. 2 can prevail in which case the vari- 
ations in the microscopic rate of growth are no longer 
sinusoidal. 

The effects of increased thermal asymmetry (AT 
2.4") on the microscopic growth rate during rota- 
tional pulling are depicted in Fig. 4. The small in- 
crease of AT from 1.8" to 2.4'C has resulted in a 
change of the maximum to minimum growth velocity 
ratio, within one revolution, from 2.1 (Fig. 3)  to 7.4. The 
small but readily observable change in direction of the 
vibrational striations in going from the minimum to 
the maximum spacing reflects a change in the radius of 
curvature of the growth interface which is greatest in 
the "hot" region and smallest in the "cold" region dur- 
ing a given revolution. This change corresponds to the 
continuous relocation of the growth interface which 
at any point in this "off facet" region (15) is deter- 
mined by the exact position of the solidification iso- 
therm. 

A further increase in thermal asymmetry (AT = 
2.7"C) which was brought about by the lateral dis- 
placement of the tubular heating element (% in. from 
its original position) resulted in partial remelting of 
the grown crystal during rotation as shown in Fig. 5. 
Such a remelting phenomenon is predicted from Eq. 
[I] and reflects negative values of the minimum mi- 
croscopic growth rates. A continuous change in the 
shape of the growth interface can readily be observed 

Fig. 4. InSb single crystal pulled under rotation in the presence 
of thermal asymmetry. Two rotational striations (arrows) can 
readily be observed. They reflect the onset of local remelting. 
Pulling rate 22 mm/hr; rate of rototion 8 rpm; vibrational fre- 
quency 8.2/sec. Magnification co. 1320X. 

Fig. 5. Off-facet growth characteristics in InSb pulled under ro- 
tation in the presence of pronounced thermal asymmetry. The 
observed rotational striations are remelt lines which delineate 
the transitions.of high to very low instantaneous growth rates (see 
text). The change in the direction of the vibrational striations 
reflects the continuous change of the radius of curvature of the 
growth interface during rotation. Pulling rate 22 mm/hr; rate of 
rototion 8 rpm; vibrational frequency 5/sec. Mugnification ca. 
675X. 

here which is more pronounced than in Fig. 2 and 4. 
During a 180" rotation of the crystal from the hot into 
the cold region of the melt, the rate of growth in- 
creases steadily. This increase is accompanied by a 
decrease in the radius of curvature of the growth in- 
terface and reflects the relocation of the solidification 
isotherm deeper into the melt. Further rotation by 
180" into the original hot region results in a steadily 
decreasing growth rate which, in turn, corresponds 
to an upward shift of the solidification isotherm. Con- 
currently with the growth rate decrease the radius of 
curvature of the growth interface increases. It can be 
observed that during this latter 180' rotation remelt- 
ing takes place, i.e., the microscopic growth rate as- 
sumes negative values. Such remelting is a consequence 
of the fact that the rate at  which the crystal is pulled 
from the melt is less than the rate of upward reloca- 
tion of the crystal-melt interface. The resulting rota- 
tional remelt striation delineates the abrupt transition 
from a relatively high growth rate to a growth rate 
which starts at zero and increases steadily to its maxi- 
mum value at the coldest point in the rotational cycle. 
It is apparent that for impurities with an equilibrium 
distribution coefficient k, < 1, the rotational striations 
constitute regions of decreased impurity concentration. 

Single crystal growth in the < I l l >  direction gen- 
erally leads to a more or less extensive facet formation 
at the growth interface. Figure 6 shows the transi- 
tion region of a curved, nonsingular growth region 
(off-facet) to a flat singular facet region, which is re- 
flected in the directional change of the vibrational 
striations. This transition is characterized by a rather 
abrupt change of the microscopic growth rate. While 
the growth rate varies continuously in the "off facet" 
region it assumes a constant value in the facet region 
which is identical to that of the macroscopic pulling 
rate. Obviously variations of the growth rate within 
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Fig. 6. Transition region of off-facet to facet growth; A facet 
region, 8 off facet region. The transition is characterized by the 
abrupt direction01 change of the vibrational striations. I t  can be 
observed that the instantaneous microscopic rote of growth varier 
during rototion in the off-facet region and becomes constont in 
the facet region. Small growth rate variations in the lower part of 
the facet near the off-facet region are attributed to growth on 
vicinol planes. Magnification co. 1250X, oil immersion. 

the facet region will result whenever significant tem- 
perature changes occur in the melt. 

The interaction of remelt rotational striations with 
the facet results in its abrupt termination; the re- 
growth immediately following remelting is off facet 
growth (15). The interference of rotational remelting 
with the normal facet formation can clearly be ob- 
served in Fig. 7. This crystal was pulled at a rate of 35 
mm/hr and rotated at  a rate of 29 rpm. The frequency 
of the imposed vibrations was 6/sec. The upper part of 
the figure shows a section grown in the regular off 

. . 

! 281- of f  -facet grOwt,h-facet growth 

Fig. 8. Instantaneous microscopic rates of growth of the crystal 
shown in Fig. 7 as computed from the spacing of the vibrational 
striations. The duration of remelting is determined from the num- 
ber of missing vibrotional striations per rotation. 

facet mode with the usual microscopic growth rate 
fluctuations and local remelting. Facet formation can 
barely be observed in this section since its lateral ex- 
pansion is depressed by the backmelting process. Upon 
stopping the rotation (lower part of Fig. 7) the core 
or facet region expands to the right and the growth 
rate assumes a constant value identical with the crys- 
tal pulling rate (Fig. 8). This experimental result con- 
firms the predicted independent and constant facet 
growth rate (15). 

It can be clearly seen from Fig. 7 and 8 that due to 
local remelting the actual average microscopic growth 
rate is significantly greater than the pulling rate. 

When, in addition to the controlled vibrations 
through the crucible, controlled vibrations are simul- 
taneously introduced through the seed, then rather 
complex interference patterns of vibrational striations 
are observed in the curved, nonsingular growth sections 
(Fig. 9). Since this type of vibrational interference 
pattern is not present in the facet region, it is quite 
clear that singular and nonsingular planes exhibit basic 
differences in their growth characteristics. 

It is generally assumed that off-facet growth pro- 
ceeds normal to the interface without substantial 
kinetic supercooling since nucleation sites are pro- 
vided by the curved growth interface. "Facet" growth, 
on the other hand, is believed to require the nucleation 
of growth steps (kinetic supercooling) which grow at 

Fig. 7. Off-facet, A, ond facet, 0, region of an lnSb single 
crystal. In the upper part grown under vibration, irregular 
growth conditions with extensive remelting are observed. Rotation 
has prevented the normal facet formation. Portions of the sup- 
pressed facet can be observed 01; the extreme left (B). After 
stopping rototion (lower part) the facet expands and coven the 
whole field shown. Pulling rate 35 mm/hr; rote of rotation 29 
rpm; vibrational frequency 6/sec. Magnification CO. 5WX. 

Fig. 9. Effect of the simultaneous introduction of vibrotions 
through the crucible and the seed holder. The resulting vibrational 
striations exhibit pronounced interference patterns in the off. 
facet region. No interference patterns can be observed in the 
facet region. The frequency of the observed vibrational striations 
in the facet region shows that the seed vibrations are not incorpo- 
rated in the form of vibrationol striations. Magnification co. 
1000X, oil immersion. 
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high rates in a lateral direction. The width of in- 
dividual vibrational lines in the facet region of Fig. 
9 corresponds to approximately 1000A. Thus, if facet 
growth proceeds by actual step growth, then, under 
the present experimental conditions, the step height 
cannot exceed lOOOA since a height in excess of this 
value would interfere with the formation of the ob- 
served striations. It is apparent that the present tech- 
nique is uniquely suited for studies of the mechanism 
of facet growth. 

The interference patterns of Fig. 9, which represent 
localized impurity concentration changes, are not 
caused by correspondingly localized growth rate fluc- 
tuations, since such fluctuations in rate would lead to 
continuous corrugations at the curved interface. Thus, 
the observed patterns must be attributed to localized 
perturbations (in the thickness and/or impurity con- 
centration) of the interfacial boundary layer. Al- 
though vibrational interference effects are not ob- 
served in the facet region, impurity concentration 
changes (dark and light regions) under constant mi- 
croscopic growth rate are observed as shown in Fig. 10. 
These concentration changes are, thus, most likely due 
to corresponding concentration changes in the bound- 
ary layer. 

Fig. 11. Transition region (off-facet to facet) in lnSb which 
was intermittently subjected to crucible and seed vibrations. Pro- 
nounced heterogeneities in impurity concentration are observed in 
the focet region. These heterogeneities exhibit the periodicity of 
rotation. Magnification ca. 1000X. 

Impurity concentration changes unrelated to the 
microscopic growth rate are also shown in the facet 
region of Fig. 11. In this case controlled vibrations 
through the seed were intermittently superimposed 
to the regular vibrations as can readily be seen in the 
off facet region. The observed concentration changes 
in the facet region are apparently associated with ro- 
tational effects. It is not resolved as yet whether im- 
purity heterogeneities in the facet grown region are 
due to changes in the thickness, the impurity concen- 
tration of the boundary layer, or other effects. 

Growth rate fluctuations in a single crystal pulled 
from the melt without rotation are shown in Fig. 12. 
The resulting nonrotational heterogeneities are attrib- 
uted to temperature fluctuations at the growth inter- 
face brought about by convective currents (14). From 

Fig. 12. Nonrotational striations in the peripheral part of an 
lnSb single crystol. Note microscopic growth rate changes. Magni- 
fication ca. 6WX. 

the spacing of the vibrational striations (10/sec) and 
its variation it can be seen that the duration of the 
growth rate perturbations ranges from a fraction of a 
second to several seconds. It was generally observed 
(under the present experimental conditions) that such 
random growth rate fluctuations are less common in 
crystals pulled with rotation and could not be ob- 
served in crystals pulled under high rotational rates. 

Summary 
Microscopic rates of growth were determined in 

single crystals pulled from the melt by introducing 
vibrations of known frequency into the melt contain- 

Fig. 10. Facet region In o single crystal of InSb. The observed ing small amounts of impurity. Such vibrations are in- 
dark regions reflect an increased impurity concentration. These corporated into the growing crystal in the form of 
impurity concentration changes are not related to growth rate vibrational striations. In the investigated system (InSb 
changes since the spacing of vibrational striations remains con- doped with Te) impurity heterogeneities and superim- 
stont. Magnification co. 7WX. posed vibrational striations were revealed by means of 
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a permanganate etchant. The microscopic rates of Manuscript received Aue. 17. 1967. 
growth and crystal-melt-interface topography were 
determined from the spacing and direction of the vi- 
brational striations. 
' It was shown that off-facet regions (nonsingular, 
curved interfaces) exhibit constant and periodic 
growth rate fluctuations during rotational crystal pull- 
ing. The extent of the growth rate variations (at con- 
stant pulling rate) is a function of the degree of ther- 
mal asymmetry in the system. With increasing ther- 
mal asymmetry partial remelting results, i.e., the mini- 
mum microscopic growth rate assumes negative values 
during rotation through the hot region of the melt. 
The so called rotational striations were identified as 
the result of a decrease in the microscopic growth rate. 
The extent of the associated variation in impurity con- 
centration is controlled by the rate at  which the mi- 
croscopic growth rate changes. Crystal growth on 
singular interfaces (facets) was shown to occur at  a 
constant rate, equal to the pulling rate. Impurity 
heterogeneities were observed in facet regions grown 
under constant microscopic rate. Their origin is as- 
sociated with perturbations in the boundary layer 
conditions. 
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The Deposition of Silicon on 
Single-Crystal Spinel Substrates 

P. H. Robinson* and D. J. Dumin 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

Single crystal silicon has been epitaxially grown on (loo), (110), and 
(111) magnesium aluminate spinel. The Hall mobilities of films grown on 
(111) spinel were higher than similar resistivity films grown on (100) and 
(110) spinel. Typical values of mobility have been 200 cm2/v-sec on 1 
pm thick p-type films and 300 cm2/v-see on 15 pm thick p-type films of 0.1 
ohm-cm silicon. These mobility values represent 80-100% of the mobility 
expected on similar resistivity bulk silicon. The autodoping of the films by 
the substrate was measured and compared with the aluminum autodoping of 
silicon-on-sapphire films. Silicon grown on spinel was doped about an order 
of magnitude less than silicon-on-sapphire. The deformation of the film and 
substrate was found to be anisotropic and the silicon was under a compressive 
stress of 1-4 1010 dynes/cmz. 

Recently there has been considerable interest in the 
growth of silicon films on insulating substrates (1-5). 
The major portion of this work has been done using 
either single crystal sapphire or quartz as the substrate 
material. There have also been reports (6,7) that 
single crystal magnesium aluminate spinel substrates 
can be used for the growth of single crystal silicon. 

Spinel is a solid solution of MgO and A1203 and has 
a cubic crystal structure with a thermal coefficient of 
expansion variable with composition but lower than 
that of sapphire. Spinel is a good insulator which is 
commercially available in large flame-fusion grown 
single-crystal boules. This paper will describe the 
deposition and characterization of single-crystal sili- 
con layers on single-crystal spinel substrates. 

Physical Properties 
The reaction used for the growth of single-crystal 

silicon films was the pyrolysis of silane diluted in hy- 
Electrochemical Society Actlve Member. 

drogen and has been described in detail (8). Electron 
diffraction patterns obtained have consistently been 
those of single-crystal oriented silicon layers and it 
has been found, that the silicon lattice was parallel to 
the spinel substrate orientation, i.e., (111) silicon 
parallel to (111) spinel, (110) silicon parallel to (110) 
spinel, and (100) silicon parallel to (100) spinel, in 
agreement with previously reported results (6). 

Sirtl (9) etching was used to reveal the number of 
dislocations present in the silicon layers. A typical 
film grown on (111) spinel and dislocation etched is 
shown in Fig. 1. The major growth imperfection ap- 
pears to be stacking faults. 

The deformation of silicon films between 2 and 25 
pm thick on 0.025 and 0.050 cm thick spinel has been 
measured using a cross-section microscope. In all 
cases the deformations were anisotropic and exhibited 
a maximum deformation in one direction and a min- 
imum deformation perpendicular to this direction. A 
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Fig. 1. Dislocation etched 15 pm thick silicon-on-spinel film 

typical plot of maximum and minimum deformation 
of a 5 pm thick silicon film on 0.050 cm thick (111) 
oriented spinel is shown in Fig. 2. Removal of the sil- 
icon by chemical etching restored the spinel to a flat 
surface. This maximum deformation is about five times 
as large as the deformation of silicon grown on sap- 
phire (10) and corresponds to a stress in the silicon 
of 1-4x1010 dynes/cmz. Measurements of silicon grown 
on (100) and (110) spinel substrates have yielded sim- 
ilar but smaller anisotropic deformations than (111) 
spinel. Occasionally the deformation is accompanied 
by cracking of the spinel substrate as well as the ex- 
solution of a-Alp03 from the spinel. 

In an attempt to lower the deformation, 0.005 in. 
stripes spaced 0.050 in. on centers were etched in a 5 
pm thick film deposited on (100) spinel. The deforma- 
tion measured in the direction of the stripes was small; 
however, the deformation perpendicular to this direc- 
tion was relatively large. This is a further indication 
of the anisotropy in the spinel substrates used. At- 
tempts to grow silicon on spinel through holes in a 
sapphire mask lead to spinel that was cracked along 
the edge of the deposited line. 

Electrical Properties 
Both p- and n-type silicon films have been grown 

via the addition of either BpHe or AsHs during silicon 
growth on ( l o o ) ,  (110), and (111) Mg0.3.5 A1203 
spinel. Films between 1 and 30 pm thick have been 
grown. Typical Hall mobilities measured on films 
10-15 pm thick are shown in Table I for films grown 
on different orientations of spinel. The films grown 
on (11 1 )  spinel have consistently had higher mobilities 

- 
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t o '  
(a)  M A X I M U M  D E F O R M A T I O N ( 2 8 p m l  
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( b l  MINIMUM DEFORMATION ( 8 p m )  

Fig. 2. Deformation of silicon-on-spinel film: (a) deformation 
along axis of maximum deformation; (b) deformation along axis of 
minimum deformation. 

Table I. Hall mobility of 10-15 pm thick silicon films grown 
on spinel 

Splnel Hal l  mobility Conductlvlty a/, of Bulk for 
orlentation (cm*/v-sec) type same resistivity 

(111) 250-330 P-type 80-IM) 
(100) 162-170 P-type 48-58 
(110) 50-60 P-type 16-18 
(111) 410-845 n-type 53-65 

than films grown on either (100) or (110) spinel. The 
p-type films had higher resistivity than films grown on 
sapphire under similar growth conditions indicating 
that aluminum autodoping from the substrate is less 
severe in silicon grown on spinel than in silicon 
grown on sapphire ( 5 ) .  

The Hall mobility and resistivity of 1-2 crln thick 
silicon films grown on (100) and (111) spinel at  dif- 
ferent growth temperatures were measured and are 
shown in Fig. 3 and 4. The highest mobility films were 
grown at temperatures near 1200°C where typical 
values of 200 cmz/v-sec on (111) spinel and 100 cmz/ 
v-sec on (100) spinel were obtained on p-type films. 
Higher Hall mobilities have been measured on thicker 
films indicating an improvement in silicon structure 
as the film grows thicker. The increase in Hall mobil- 
ity with film thickness appears to be a general charac- 
teristic of heteroepitaxially grown films (11) .  The 
mobility-growth temperature curve was more sharply 
peaked in (111) silicon films than on (100) silicon 
films, similar to the behavior of (111) silicon grown 
on (0001) sapphire and (100) silicon grown on ( l i 0 2 )  
sapphire (12) .  

220 , 1 , 1 , 1 , 1 ,  , .  
200 - 

;;~eo- x- (100) SPINEL 

>loo- 

1040 1080 1120 1160 1200 1240 1280 
GROWTH TEMPERATURE(OC) 

Fig. 3. Hall mobility of silicon films grown on (100) ond ( 1 1 1 1  
spinel as a function of growth temperature. 

GROWTH TEMPERATUREF") 

Fig. 4. Resistivity of silicon films grown on (100) and (111) spinel 
vs. growth temperature. 



Vol. 115. No. 1 DEPOSITION OF Si ON SPINEL SUBSTRATES 77 

rDEPTH OF DIFFUSION 

Fig. 5. Carrier concentration vs. growth temperature 

Improvement in silicon crystal quality with increas- 
ing film thickness has been directly observed. Silicon 
films 15 pm thick grown on (111) spinel were polished 
at a M" angle to the substrate. Chemical etching of 
the films indicated a decrease in the incidence of crys- 
tal faults as the film became thicker. Defect densities 
of the order of lOs/cmz have been observed at the 
surface of 5 pm thick films. 

The carrier concentration of the silicon films, as de- 
rived from the Hall data, is plotted in Fig. 5. The sub- 
strate autodoping raises the acceptor concentration in 
films grown at  the higher temperatures, an effect pre- 
viously observed in silicon grown on sapphire (5). 
At a given growth temperature the acceptor concen- 
tration (presumably due to aluminum) in a silicon 
film grown on spinel is approximately an order of 
magnitude less than the acceptor concentration in a 
similar film grown on sapphire. In silicon grown on 
sapphire the autodoping has been linked with the hy- 
drogen reduction of sapphire releasing aluminum into 
the film. I t  is suspected that a similar reaction is re- 
leasing aluminum into the silicon films grown on 
spinel, but the cracking and exsolution of the a-A1203 
in spinel at  high temperatures have limited the high 
temperature experiments to determine the source of 
the acceptors. A comparison between the autodoping 
found in silicon-on-spinel films and silicon-on-sap- 
phire films is shown in Fig. 6, where the acceptor 
concentration us. growth temperature is plotted for 
2 pm thick films grown on both spinel and sapphire. 

The activation energy associated with the autodop- 
ing process has been determined from plots of accep- 

1060 1100 - l lS0  1200 1240 
GROWTH TEMPERATUREI°C) 

Fig. 6. Comparison of autodoping on silicon films grown epi- 
taxially on sapphire and spinel. 

HOR. DIMENSION: 4500prnb 
VERT. DIMENSION: 4 k2pm 

Fig. 7. Diffusion front if  phosphorus into p-type silicon-on- 
spinel as a function of silicon thickness. 

tor concentration us ,  reciprocal temperature. Activa- 
tion energies of 170 kcal/mol and 160 kcal/mol on 
(111) and (100) silicon on spinel have been measured, 
similar to the activation energies measured in silicon- 
on-sapphire films. 

Diffusion of phosphorus into angle polished surfaces 
has lead to a diffusion profile which was uniform in 
the thick silicon and a profile that contained diffusion 
spikes in the thin silicon. A photograph of a phos- 
phorus diffusion front in p-type silicon as a function 
of film thickness is shown in Fig. 7 where the better 
quality of the thick film is evident from the sharp 
diffusion front obtained in the thicker section. 

The diode characteristics obtained by phosphorus 
diffusion into silicon grown on (100) and (111) spinel 
have been compared with diodes made on similar re- 
sistivity bulk silicon. For silicon layers thicker than 
about 8 pm the diffusion fronts were sharp and were 
of the same depth as in bulk silicon. Diode breakdown 
voltages agreed with those predicted for bulk silicon 
of similar resistivity (13). The breakdowns were 
sharp although the reverse currents were larger than 
predicted (14). This could be due to the low minority 
carrier lifetime in these films (nano-second range) 
or due to high field emission in the vicinity of diffu- 
sion spikes or precipitates. 

All of the work reported in this paper on the 
growth of silicon on spinel has been with alumina rich 
spinel having the composition Mg0: A1203; 1: 3.0-3.5. 
The major difficulty with the use of alumina rich spi- 
nel as a substrate is the exsolution of a-Al203 at dis- 
locations and subgrain boundaries that accompanies 
high temperature firing of the spinel (15). This weak- 
ens the spinel often causing severe cracking of the 
substrate as well as deterioration of the substrate 
surface. 

Several (111) oriented stoichiometric spinel wafers 
were polished and fired in hydrogen for times up to 
4 hr at  1400°C. X-ray and microscopic examination of 
these surfaces after heating showed that no exsolution 
of m-Al203 had taken place. There was also no evi- 
dence of deterioration of the spinel surface or crack- 
ing after this heating. A number of polished (111) 
oriented stoichiometric spinel surfaces were examined 
by electron diffraction techniques before and after 
heat treatment in hvdroeen. Before heat treatment 
the -mechanically po6shed stoichiometric spinel sur- 
face gave a ring type Laue pattern. Figure 8 shows the 
electron diffraction pattern indicating poor polycrys- 
talline surface structure representing work damage. 
After heating in hydrogen at 1500°C for 1 hr, the sur- 
face observed by the electron diffraction pattern is 
shown in Fig. 9. A much better single crystal spinel 
surface free of work damage was produced. Micro- 
scopic examination of the spinel surface revealed that 
thermal etching of the spinel was responsible for this 
change in surface structure. 
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Fig. 8. Electron diffraction pattern of mechanically polished 
spinel wafer. 

Fig. 9. Electron diffraction pattern of mechanically polished 
spinel wafer after heating in Hn at 1500°C for 1 hr. 

Work is underway to investigate the elettrical prop- 
erties of silicon on stoichiometric spinel. 

Summary 
The electrical and mechanical properties of silicon 

grown on excess A1203 spinel have been measured 
and compared to silicon films grown epitaxially on 
sapphire. The films grown on (111) spinel have in 
general both higher Hall mobilities and less auto- 
doping than similar thickness films grown on (1i02) 
sapphire. The films on both substrates have a highly 
reflective surface and in thicknesses less than 4-6 pm 

can be used directly in device processing without the 
need for mechanical polishing. The temperature at 
which the highest mobility films were obtained on 
spinel was about 50°C higher than the temperature 
at  which the highest mobility films were obtained on 
sapphire (12). Even at  the higher growth temper- 
ature the autodoping from the substrate is less on the 
spinel than on the sapphire. Diodes fabricated in the 
silicon on spinel have yielded sharp reverse break- 
down voltages of a value comparable to the break- 
down found in bulk silicon. 
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Phosphorus Concentration Profile and Phase Segregation 
in Phosphosilicate Glass on SiO, Films 

P. F. Schmidt,* W. van Gelder,* and J. Drobek 

Bell Telephone Laboratories, Inc., Allentown, Pennsylvania 

ABSTRACT 

The phosphorus distribution in phosphorus diffused SiOz films has been 
determined by means of neutron activation. The general shape of the profile 
is in good agreement with the results by Franz et al. (4), who used the Fa 
isotope. In the phosphosilicate region occasional strong fluctuations of the P 
concentration were observed, usually accompanied by changes in the etch 
rate in 0.2N HF opposite to the expected dependence of etch rate on P concen- 
tration. The fluctuations were tentatively attributed to phase segregation in the 
phosphosilicate glass. Confirmation was obtained from related experiments in 
which polycrystalline films of composition Pz05 x SiOz (and possibly Pz05 x 
2SiO2) were obtained and identified by electron diffraction. 

The neutron activation of phosphosilicate layers on 
SiOz films reported here was originally undertaken 
in order to study the phosphorus distribution for dif- 
ferent phosphorus diffusion and subsequent reoxida- 
tion conditions. The resulting phosphorus distributions 
are described. 

During the course of this investigation, strong 
fluctuations of the phosphorus concentration in the 
glass region as a function of distance into the glass 
were discovered. I t  was noticed that these fluctuations 
often coincided with a trend of the etch rate in 0.2N 
HF opposite from that expected from the phosphorus 
concentration: the higher phosphorus concentration 
often corresponded to a slower etch rate, and vice 
versa. 

These observations could be explained by assuming 
phase segregation in the glass, with formation of one 
or more of the compounds occurring in the Pz05-SiOt 
system according to Tien and Hummel ( I ) ,  but there 
was no hard evidence for the correctness of this as- 
sumption except for some radioautographs which 
showed that slow etching regions of the glass con- 
tained indeed more phosphorus than the faster etch- 
ing portions. Audley (2) has reported on the insolu- 
bility in HF of a SiOz x PzOs compound. According to 
Eitel (3) the system SiOz-P~05 is remarkable in that 
its components and the binary mixtures near them 
form glasses readily, while the compounds crystallize 
well. 

Independent evidence for the occasional occurrence 
of a S i 0 ~ - P ~ 0 5  compound in the phosphosilicate glass 
was obtained when a polycrystalline film, insoluble in 
HF, was observed to form at the interface between 
the phosphosilicate glass and a pyrolytic SiOz film 
deposited on top of the glass. Pyrolysis had been car- 
ried out at  a much lower temperature (850°C) than 
was used for the original phosphorus diffusion 
(1040°C). 

It was possible to isolate this polycrystalline film, 
and to identify by electron diffraction alpha-SiOz x 
P205 as its main constituent, with possibly some ad- 
mixture of 2Si02 x Pz05. The surface of the phospho- 
silicate layer prior to the pyrolytic SiOz deposition 
showed no evidence of compound formation detectable 
by electron diffraction or etch rate in HF. 

Franz et al. (4),  who used the P-32 isotope in their 
study, also report a scatter in the phosphorus profile 
[Fig. 8b of ref. (4)1, which appears to.be outside the 
error of measurement; however, they did not attempt 
an explanation. If the cause for the fluctuation in phos- 
phorus concentration reported by them is also phase 
segregation, as appears likely, then their results would 
indicate that neither neutron activation nor pyrolytic 
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deposition of SiOz are required to trigger the forma- 
tion of SiOz x P205 in the phosphosilicate glass. 

It is perhaps worth noting in this context that Snow 
and Deal (5) describe phosphosilicate layers as "be- 
having as though they had a very slow dipolar polar- 
izability. The 'dipoles' involved may be physical di- 
poles with a concentration of 1019 cm-3, or they may 
be small regions of the glass occupying about 6% of 
the volume which polarize by interfacial polarization." 

Activation Studies 
Method.-P-type silicon disks after oxidation and 

phosphorus diffusion, were subjected to neutron ac- 
tivation. The wafers were then etched in dilute HF to 
remove the oxide in controlled steps of about 100A, 
and the phosphorus profile in the oxide was estab- 
lished by measuring the activity remaining on the slice 
after each etching step. The oxide thickness was mea- 
sured by means of a spectrophotometer. 

As stated above, strong fluctuations in phosphorus 
concentration were observed in the phosphosilicate 
region. In order to evaluate the reliability of the tracer 
data, a knowledge of all possible sources of error is 
necessary. The experimental technique used is given 
in the Appendix, together with a brief discussion of 
the uncertainties accompanying the measured param- 
eters. A full account of the experimental method used 
for establishing the phosphorus concentration profile 
in the oxide is given in an extended appendix which 
is available from the authors on request. It is shown 
there that the fluctuations of the phosphorus concen- 
tration observed in the phosphosilicate region are far 
outside the error limits. 

Results.-The over-all diffusion results are sum- 
marized in Table I. The thickness of the phosphosil- 
icate glass is defined as that position in the oxide at 
which the phosphorus concentration drops steeply 
according to the activity data (see graphs). It can be 
seen that the phosphorus concentration increases with 
increasing temperature of diffusion, as expected. Re- 
oxidation in steam under the conditions shown leads 
to a relatively small increase in glass thickness, to a 
slight decrease in phosphorus concentration, and to 
some loss of phosphorus to the ambient (total P/cmz 
of oxide, column 5). 

Figures 1 and 2 show two typical phosphorus con- 
centration and etch rate profiles observed in analyzing 
the samples listed in Table I. The profile shown in 
Fig. 1 (wafer 30-211), in which phosphorus concen- 
tration and etch rate vary in opposite direction at  
certain positions in the oxide was observed more often 
than the profile shown in Fig. 2, in which phosphorus 
concentration and etch rate vary in the same direc- 
tion. The error bars shown include the contributions 
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Table I. Tracer data on oxidized and phosphorus diffused silicon wafers 

Final oxide Thickness of 
No. Treatment thickness, A PsOs glass, A of oxide in oxide 

Total P/cme Highest conc 

30-203 Ox. 9OO'C. 45 min 1600 I200 3.7 x 101e 
Diff. PBm 1000'C 20 rnin 

3.6 x 10m em-% 

30-238 Ox. 900'C. 45 m d  3350 1600 3.2 x IOle 2.2 x 10n cm-3 
Diff. PBra 1000'C, 20 min 
Reox. 800'C. 45 min 

30-208 Ox. BOO'C. 90 min 2900 600 1.4 x 101a 
Diff. PBrr 100OSC. 10 min 

3.9 x lo= em-* 

30-209 Same as 30-208 Lost data 1.6 X 1Wa Lost data 
30-210 

2900 
Ox. BOO'C. 90 min 3250 800 
Diff. PBra 1000eC. 10 min 

1.3 x 1010 3.5 x 10- cm-3 

Reox. 9OO0C, 20 rnin 
30-211 Same as 30-210 800 4.4 x 10Ls 
30-215 

3200 
Ox. 900mC, 80 rnin 2750 

3.9 x lo= cm-3 

Diff. PBra 745'C. 45 rnin 
450 4.4 x lols 1.4 x 10" ern" 

30-216 OX. 9OO'C, 80 min 3150 800 
Diff. PBrs 745% 45 min 

2.9 x 10s 2.1 x 101, cm-3 

Reox. 900'C, 20 rnin 
30-221 Ox. 1050QC, 30 min 4000 1200 3.9 x 10'0 7.2 x l0n em-3 

Diff. PBrr 1000.C. 20 min 
30-222 Ox. 105O0C, 30 min 4900 1600 7.2 x 10te 3.1 x 10n cm-' 

Diff. PBra 100O0C, 20 rnin 
Reox. BOO'C, 45 min 

30-223 Same as 30-222 5000 1500 3.3 X 101" 2.6 x 10% cm-l 

from all known causes. It can be seen that the fluctua- 
tions of the phosphorus concentration in Fig. 1 are 
far outside the errors of measurement. 

The low concentration phosphorus tail extending all 
the way through the oxide and into the silicon sub- 
strate' is a result of the intense neutron irradiation, 
and has been described in detail elsewhere (6). An 
interesting series of autoradiographs is shown in Fig. 
3 (wafer 30-223). In addition to the large "diffusion 
pipe," extending all the way through the oxide, there 
is a triangular "hot spot," which was initially invisible 
( a )  because it was masked by the high phosphorus 
concentration of the surface layers. It became visible 
(b) when 800A of the oxide had been removed by 
etching, and then lasted for another 800A (c) before 
disappearing again (d) ; it is thus located in the phos- 
phosilicate glass region (cf. Table I). This triangular 
spot also showed up optically as a region of increased 
oxide thickness. If the spot were due just to a higher 
local concentration of phosphorus (without compound 
formation), one would expect an increased etch rate 
and therefore a locally decreased oxide thickness, i.e., 
the reverse of what is observed. The explanation that 
adsorption of some kind of protective fllm had oc- 
curred in the area of the triangular spot appears in- 
valid because the oxide thickness in the area of the 
triangular spot did not remain constant during the 
series of etching steps from (b) to (c), but decreased 

1 In addition to some PKk "Pipea" not present on all wafers. 

though at a slower rate than the rest of the oxide. 
Unfortunately, the opportunity was missed to examine 
this triangular spot by electron diffraction. It will be 
appreciated that the exposure times in Fig. 3 increased 
with each etching step, so that features well visible 
in the long exposure autographs would be swamped in 
the short exposure pictures. The size of the circular 
diffusion pipe in radioautographs (c) and (d) is an 
artifact: the "pipe" has not spread in diamater, but 
the image of the pipe was badly overexposed at an 
exposure time adequate for the rest of the wafer. The 
overexposure caused the diffuse lateral spreading of 
the image of the pipe. Wafer 30-223 was also the only 
wafer on which a pipe of such intensity was observed. 
Densitometric evaluation of the radioautographs taken 
from other wafers showed that the contribution by 
pipes is unimportant relative to the phosphorus con- 
centration in the rest of the oxide, at least in the 
high phosphorus concentration region. In particular, 
the pipes cannot be held responsible for the fluctua- 
tions of phosphorus concentration observed in the 
phosphosilicate glass region. 

The number 30-223 appearing in (d) of Fig. 3 is 
due to phosphorus decoration of dislocations gen- 
erated by scribing the Si disk. The decoration dis- 
appeared when 1200A of silicon were removed by 
anodic oxidation. The lighter periphery of the disks 
is due to preferential loss of phosphorus from the 
wafers during neutron irradiation; evaporation of 

Fig. 1. Phosphorus concentration and etch rote profiles of 
fused and reoxidized wafer 30-211. 
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Fig. 3. Radioautographs of diffused and reoxidized wafer 30-223 
at  different remaining oxide thicknesses. 

phosphorus from the center of the disks was sup- 
pressed by aluminum spacers inserted between each 
wafer. 

Formation of a Polycrystalline Phosphosilicate Film 
Triggered by Pyrolytic Deposition of SiOz 

Experimental.-A number of chemically polished 
silicon slices, 50 ohm-cm P-type, (111) oriented, diam- 
eter 1 in., were oxidized in 100% steam of atmospheric 
pressure for 1 hr at  1100°C. The resulting oxide 
thickness was 6800A, as determined from the wave- 
length position of the interference fringe minima. The 
slices were next phosphorus diffused in PBr3 at 1040°C 
for 40 min, resulting in a phosphosilicate glass layer 
on top of the SiOz film. The total thickness of the di- 
electric layer after diffusion was 7150A. The slices 
were then deposited with SiOz at 850°C from a gas 
mixture consisting of 0.15% SiCL, 0.15% 02, and 
99.7% Hz. The total thickness after deposition of the 
pyrolytic SiOz was 10,200A. The slices were then step- 
etched in P-etch (14), and the remaining thickness of 
the dielectric layer was measured at various intervals. 

Figure 4 shows that the etch rate of the oxide "sand- 
wich" varied with depth as expected. That is, at 
first the etch rate was fairly constant, then increased 
steeply in the phosphosilicate glass region, to fall off 

SOME CRYSTALLINITY D m C T E D  
BY ELEC. DIFFR. TOO DIFFUSETO 
IDENTIFY BUT DIFFERENT FROM 

Z 7,000 - FILM CAN BE 

T IME IN  P-ETCH ( M I N I  

Fig. 4. Oxide thickness of sandwich vs, time in P-etch. Thermal 
SiOz/phosphosilicate glass/pyrolytic SiOz. 
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Table It. Comparison of electron diffraction data (this work) 
with the x-ray data of Tien and Hummel 

Identification of SiOz x Pz0s by electron diffraction 

X-ray data by Data calculated from electron 
Tien and Hummel (1) diffraction of HF insoluble Alm 

3.658 (strongest obs. 
3.54. 
3.372 

3.54 is the highest intensity d-value of 2SiGr X PSOI 
to Tien and Hummel (1). 

according 

again to a low and constant value when the phos- 
phorus concentration had become negligible. 

After 8.5 rnin of etching, a thin film, apparently 
insoluble in the P-etch, floated off the surface. This 
film was removed from the solution and placed into 
buffered HF2 for 3 days without dissolving. Trans- 
mission electron diffraction showed the film to be 
alpha-S~OZ-PZOS (compare below). 

No insoluble film was observed when the phospho- 
silicate layer was etched prior to pyrolytic SiOz depo- 
sition. After SiOz deposition, followed by 4 rnin of 
etching in P-etch, i.e., still in the deposited %Oz layer, 
glancing-angle electron diffraction showed some crys- 
tallinity, too diffuse for identification (cf. Fig. 4). 
However, after 7 and 8 rnin of etching, electron dif- 
fraction showed the presence of a-SiO~.Pz05. This dif- 
fraction pattern was distinctly different from the dif- 
fuse pattern seen after 4 rnin of etching. It appears 
likely that the SiOz.PnOs crystals induced conversion 
of SiOz to a-crystobalite which extended some distance 
into the pyrolytic SiOz. It is known (7) that SiOz. 
PzOs is highly analogous to a-crystobalite and catalyzes 
this transformation. 

After 8 rnin of etching there are also indications of 
the presence of traces of 2SiOz x PzOs (presence of 
the reflection d = 3.54A, cf. Table II), according to 
the data by Tien and Hummel (1). At 8 min the poly- 
crystalline film was visible under an optical micro- 
scope and could be scraped with a sharp needle. 

Figures 5, 6, and 7 are a series of pictures of a slice 
on which the left half lagged 1 rnin behind in etching 
time compared to the right hand half. This difference 
in etching time was brought about by masking the 
left half, etching the slice for 1 min, and then re- 
moving the mask. From then on the left half always 
lagged behind the right half by 1 min etching time. 
The pictures were taken under dark field illumination 
at a magnification of 428x. 

Figure 5 shows a polycrystalline film appearing on 
the right hand side after 8 rnin of etching, while no 
crystallinity is yet visible on the left hand side (etched 
for 7 rnin). The high intensity light spots on both left 
and right hand side should be ignored as due to either 
pin holes or loose particles on the surface. 

Figure 6 is taken from the same area of the slice 
as the right hand side of Fig. 5. It was also etched 
for 8 min and it shows the film partly scraped by 
means of a sharp needle. 
40g NHaF, 15 cc conc HF, 60 cc &O. 
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Fig. 5. Microphotograph of oxide sandwich ofter etching in P- 
etch.-Right half etched for 8, left half for 7 min. Polycrystalline 
film visible only on right half. 

Fig. 6. Microphotograph of right half of Fig. 5, aher scraping 
with steel needle. 

Fig. 7. Microphotograph of oxide sandwich after etching in P- 
etch. Right half etched for 9, left half for 8 min. Polycrystalline 
film has lifted from right side, but is visible on left side. 

The right hand side of Fig. 7 shows an area that 
was etched 9 min. The film has completely lifted from 
fhis side. A part of the loose film is visible in the 
lower middle part of the picture. The left side of the 

picture shows an area that was etched for 8 min. 
The polycrystalline film on this side is clearly visible 
and is identical in appearance with the film in Fig. 6. 

Identification of the Film as Alpha-SiOz.PzOs 
by Electron Difraction 

Electron diffraction patterns were obtained both 
from the isolated film (in transmission) and from the 
film on the surface (in reflection) after 7-8 min of 
etching. The patterns taken in transmission were more 
distinct, and are compared in Table I1 to the x-ray 
data by Tien and Hummel (1) for the low-temper- 
ature (= alpha) modification of SiOz x PzO5. The 
agreement is very satisfactory. The x-ray data con- 
tain reflections which do not show up in the electron 
diffraction pattern because in this latter case the 
sample is not being rotated so that certain crystal 
planes do not reflect. The observed reflections, how- 
ever, match their counterparts in the x-ray data quite 
closely. The appearance of a reflection at d = 3.54A 
may be considered as an indication that traces of 
2SiOz x PzO5 are present since this is the strongest 
reflection of this compound according to Tien and 
Kummel (1). 

Discussion 
Phase segregation is suggested by the large fluctua- 

tions in phosphorus concentration in the phosphosili- 
cate region, and by the often opposing trends of 
phosphorus concentration and etch rate. The latter 
relationship is masked to some extent by the strong 
effect of the neutron irradiation on the etch rate. 

The transition from phosphosilicate glass to un- 
doped SiOI extends over 100-200A. The shape of the 
diffusion profile in this transition region can be ex- 
plained on the basis of strongly concentration de- 
pendent diffusivity. It was shown by Thurston et al. 
(8) that the diffusivity of phosphorus (pentoxide) in 
SiOz at lower concentrations than corresponds to the 
"glass" is strongly concentration dependent and very 
slow, especially at lower temperatures (below 1200"). 
Thus the diffusivity in the phosphosilicate glass re- 
gion, according to Sah et al. (91, is 2.5 x 10-13 cmz 
sec-1 at 110O0C, but only about 10-10 cmz sec-1 at  
the same temperature and a concentration of 3% P205 
in SiOz according to Thurston et al. (8). The fast 
diffusion in the glass region thus ensures a practically 
flat concentration profile in the glass up to the point 
where the phosphorus concentration drops steeply. 
Reoxidation of the wafers leads to slight penetration 
of the phosphorus front under the given reoxidation 
conditions (2-400A), a lowering of the maximum 
phosphorus concentration, and to some loss of phos- 
phorus to the ambient (about 15% of the total orig- 
inally contained in the oxide after diffusion). 

Pyrolytic deposition of SiOz leads occasionally to 
the formation of a polycrystalline film across the 
whole surface of the phosphosilicate glass, thus facil- 
itating its detection. The details of this (catalytic) 
effect have not been established. The main constituent 
of this film has been unambiguously established as 
SiOz x P205, possibly with traces of 2Si02 x P205. 
The ratio of SiOz to PzO5 in the phosphosilicate glass 
is about 4:1, so that formation of some 2SiOz.P205 
might be expected. According to Tien and Hummel, 
the 2: 1 compound melts incongruently at 1120°C to a 
silica-rich liquid and SiOz x Pz05. Even though the 
system in the present case was not heated to 1120°C, 
the formation of the 1: 1 compound was favored. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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APPENDIX 
Activation Studies, Experimental 

Float-zoned 1.3 ohm-cm P-type silicon, { I l l )  ori- 
ented, was used throughout. The wafers were mechan- 
ically lapped and polished, and then given a chem- 
ical polish to remove surface damage. Average dislo- 
cation densitv of the starting material was 12,000 cm-2 
by Sirtl etch: 

- 

Table I lists the wafers according to oxidation and 
diffusion treatment. Oxidation was carried out in 
steam, diffusion was from a PBr3 source kept at 30°C, 
with part of the carrier gas bubbling through the PBr3 
source. Subsequent to diffusion the wafers were cooled 
directly to room temperature by pulling from the 
furnace. 

For irradiation, the wafers were wrapped in a 
special high purity aluminum foil, with high purity 
aluminum disks inserted between each Si wafer in 
order to insure uniformity of neutron dose throughout 
the charge. The wafers were irradiated for seven days 
at the Brookhaven National Laboratories at a flux 
of 1.2 x 1013 f 5% thermal and 1.5 x 10" f 10% fast 
neutrons cm-2 sec-1, leading to a specific activity of 
11.0 Curies per mol of phosphorus. The wafers were 
not intentionally cooled during neutron irradiation, 
and the temperature in the aluminum capsule may 
have risen about 50°C above the ambient temper- 
ature of 250°C at  the place of irradiation. 

Subsequent to irradiation the wafers were kept in 
storage for several weeks to permit decay of the Na24 
beta and gamma activity (from the reaction All7 
(n,a)Na*), of the beta-activity of Si3l (from the re- 
action Si3O (n,r) Si31), and of the beta activity of Bra2 
(from the reaction Bra1 ( n , ~ )  Bras). The half-lives of 
Na24, $331, and Bra2 are 15.05 hr, 2.62 hr, and 35.5 hr., 
respectively. At the end of the investigation, when the 
phosphorus activity had already largely decayed, the 
presence of 535 could be detected both from its de- 
cay rate and its beta-energy ~ p e c t r u m . ~  The S35 was 
probably introduced bv neutron activation of a chlo- 
rine impurity in the PBr3 source, by means of the re- 
action C135 (n,p) 535.4 The level of contamination with 
535 was too low to affect the phosphorus determina- 
tions. The half-life of 535 is 86.7 days. 

aThe authors are indebted to J. D. Struthers for these measure- 
ments. 

6 Contamlnatlon wlth sulphur cannot be the cause since the oh- 
served surface concentratlona of 8 x 1010 cm-s are above the solid 
solublllty Hmit for sulphur In allicon (11). 

YTRATION PROFILE 

A Nuclear-Chicago gas flow detector, model D47, 
operated in the Geiger tube mode, in conjunction with 
a Nuclear-Chicago Decade Scaler, series 8703, was 
used to determine the activity of the samples. Since 
this counting system has already 1% loss at 6000 
counts/min, suitable aluminum absorbers were placed 
over the samples. Each time an absorber was removed 
or exchanged against another absorber, the ratio of 
the counts under the two conditions was determined. 
It was thus possible to calculate the counting rate in 
the most active conditions of the wafers (i.e., before 
step-wise stripping of the oxide in HF) by using the 
final counting rate without any absorber (i.e., when 
most of the activity had been etched away) as the 
starting point for the calculation. It is felt that no 
appreciable error was introduced by this procedure, 
since a sufficient number of counts was taken to re- 
duce the statistical errors to insignificant values. 

The detection efficiency of the detector was mea- 
sured by means of a P32 simulated source of 2.8 x 10-5 
millicuries (supplier: Tracerlab, Waltham, Massachu- 
setts) calibrated against standards of the NBS. 

An aluminum holder served to position either the 
P:vhimulated source or the Si wafers underneath the 
window of the Geiger tube. Measuring conditions for 
source and samples were kept as nearly identical as 
possible. Counts were taken to 10,000 for each point in 
the high phosphorus concentration region, and to at 
least 2000 above background in the low phosphorus 
concentration region of the oxide films. 

A Perkin-Elmer model 202 visible-uv spectropho- 
tometer was used to measure the reflectance minima 
as a function of wavelength (12). Oxide film thick- 
nesses were then calculated by assuming the same 
refractive index for the phosphorus-doped film as for 
thermal SiOn films. This involves only a small error, 
of the order of 1% (4,13); a more accurate determi- 
nation of the refractive index would not have been 
meaningful in view of the continuously changing SiOr- 
P205 composition as a function of film thickness. 

Radioautographs were taken with type AA x-ray 
film because of its sensitivity. It is, however, a double 
emulsion film and rather coarse grained. 

The analysis consisted in principle in measuring the 
activity of the silicon wafers before and after succes- 
sive etching of the oxide in dilute HF in order to de- 
crease its thickness in steps of about lOOA each. The 
oxide from one side of the wafer was removed com- 
pletely, and the wafer was measured with active side 
facing the window. After each etching step the oxide 
thickness was remeasured. On a considerable number 
of wafers radioautographs were taken before, during, 
and after stepwise dissolution of the oxide. Controlled 
etching of the oxide was carried out in 0.2N HF until 
low phosphorus concentrations were reached and the 
strength of the etching solution had to be increased 
in order to have reasonable etch rates. In the phos- 
phosilicate glass region it was not possible to use the 
so-called "P-Etch" (14) because of the excessively fast 
etch rate caused by radiation damage to the oxide.5 It 
was, however, noticed that the 0.2N HF solution was 
more sensitive to variations in phosphorus concentra- 
tion than a 1.ON HF solution, and the latter in turn 
was more sensitive than the P-Etch. The dissolution 
of the oxide was usually very uniform, and only oc- 
casionally were very weak differences in local inter- 
ference color detectable by the unaided eye. 

The counting rates observed were converted to 
phosphorus concentrations by means of the relation- 
ship 

A = N x f x r x S ~ e - ~ t  [I] 

where A is the activity in disintegrations sec-I (cor- 
rected for the detection efficiency of the system, 
13.5%), N is the number of atoms of P31 originally 
present, f is the thermal neutron flux ~ m - ~  sec-', r is 
the capture cross section of PSI for thermal neutrons, 
S equals 1 - eui; for ti equals 1 week (6.04 x lo5 sec), 
and the decay constant h of P32 = 5.6 x sec-l, the 
saturation factor S = 0.28. The t in the exponent in 
Eq. [I] is the time in seconds elapsed since the end of 
irradiation. 

Equation [I] must in principle be corrected for a 

5 Enhanced by a factor of - 2 for pure SiOz and of - 8 for phos- 
phosilicate glass compared to the values given in ref. (14). 
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background activity of P32 introduced by the reaction 
(15) 

SiSO (n, 7 )  Si31 (,9-) P31 (n, y) P32 
However, for phosphorus concentration above 10'7 
cm-3, i.e., in the.phosphorus concentration range of 
interest here, this correction may be neglected. 

Errors 
The accuracy of the terms in Eq. [I]  determines the 

precision with which a known disintegration rate can 
be converted into number of phosphorus atoms. The 
accuracy with which the disintegration rate is known 
depends on the knowledge of the collection efficiency 
of the measuring system. The following assumptions 
were made concerning these quantities: the slow neu- 
tron flux was assumed to be known to ?5%; the acti- 
vation cross section of Pal, 0.19 ? 5.2% barns (16); 
decay constant of PS2, 14.30 days; accuracy of P32 
simulated source, ?5%; statistical error inherent in the 
radioactive decay phenomenon was kept at 1% in the 
phosphosilicate glass region by taking a sufficiently 
large number of counts. 

The phosphorus concentration profile was obtained 
by dividing the decrement in phosphorus activity de- 
tected on the silicon after each etching step by the 
thickness of the oxide slice removed. The error due to 

statistical fluctuations in counting rate can be kept 
small, as discussed above, but the determination of the 
oxide slice thickness introduces a considerable error. 
The shift in the position of the reflectance minima 
from one etching step to the next can be measured to 
about 215A; since a single etching step was usually 
of the order of 200A, the error for each individual 
point in the phosphosilicate glass region due to this 
source of error is usually about 7.5%. 

At the transition from the glass region to the weakly 
phosphorus-doped SiOp, etch rates occasionally 
dropped to very low values and only 40-50A were re- 
moved per step. Where the experimental points in the 
graphs shown are very closely spaced (<<100A 
apart), only the general trend of the curve, rather 
than the absolute values of the individual points 
should be considered; the latter could easily be wrong 
by a factor of 2. The points outside the phosphosilicate 
region are shown only for the sake of completeness; 
they show very strong scatter, as is to be expected for 
a variety of reasons. 

It is estimated that the absolute phosphorus con- 
centrations in the phosphosilicate region are known to 
better than ?30%, the relative phosphorus concentra- 
tions in the glass region to better than &20%, and the 
relative phosphorus concentrations in the low phos- 
phorus region within a factor of about 2. 

Effects of High Phosphorus Concentration 
on Diffusion into Silicon 

M. C. Duffy,* F. Barson,* J. M. Fairfield,* and G. H. Schwuttke 

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

ABSTRACT 

Phosphorus diffusion into silicon has been explored near and above the 
solubility limit by radiochemical profiling and compared with crystal damage 
by x-ray diffraction microscopy and Sirtl etch techniques. An apparent dif- 
fusion retardation has been found for very high source concentrations that 
results in a shallowed junction penetration for certain higher surface con- 
centrations. The retardation phenomenon occurs over a narrow range of sur- 
face concentrations, within which diffused junctions are nonuniform, or 
ragged. This effect can be correlated with large amounts of crystal disorder 
inside the diffused area and dislocation loops outside at the peripheries. These 
outside loops have been found to degrade transistor gain. 

Phosphorus diffusion into silicon has been very im- 
portant in the semiconductor device industry because 
of its use in fabricating N-P junctions, especially 
emitters for N-P-N transistors. Nevertheless, phos- 
phorus diffusion from high concentrations is not well 
understood and many anomalous effects have been 
reported (1-6). An additional anomaly not reported 
previously has been found which manifests itself in 
an apparent retardation of the phosphorus diffusion 
under some circumstances when maximum surface 
concentrations are involved. This anomaly can have 
serious consequences upon device fabrication. 

The effect can best be described by outlining the 
conditions under which it has arisen in typical tran- 
sistor fabrication procedures. In our case, phosphorus 
diffusion is accomplished by a two step process, a 
deposition and a drive-in cycle. The system and tech- 
nique are similar to that used by McDonald et al. (6). 
The deposition cycle is 35 min in length at 970°C with 
a controlled amount of a phosphorus source in an 
ambient of nitrogen with about 2% oxygen. The drive- 
in cycle is 5 min in dry Oz,30 min in steam, and 40 min 
in dry 02, also at 970°C. After deposition only, the 
diffused junction depth increases with phosphorus 
source concentration (in the ambient gas) up to a 
point and, thereafter, remains constant. 

Presumably this point corresponds to the solid 
solubility of phosphorus at the deposition tem- 
perature. After the subsequent drive-in cycle, the 

Electrochemical Society Active Member. 

junction depth initially increases with phosphorus 
source concentration as before, but at a certain con- 
centration it decreases sharply as shown in Fig. 1. Also, 
as illustrated by the photo inserts, there is a concentra- 
tion range in which the junctions are ragged, which is 
a serious effect for emitter diffusions. Flat junctions 
are obtainable above and below this ragged area, which 
appears to be a transition region. 

An understanding of this phenomenon is important 
for controlling transistor fabrication procedures em- 
ploying high concentration phosphorus diffusions. Other 
types of phosphorus diffusion techniques also result 
in this retardation effect at high concentrations. Fur- 
thermore, although flat emitter junctions can be made 
by employing phosphorus concentrations above the 
ragged region, certain transistor parameters are in- 
fluenced and degraded (e.g., gain) when the emitter 
diffusion is in this retarded region. Therefore, this 
phenomenon has been investigated with the purpose 
of understanding the conditions under which it arises. 
This report describes the investigation and discusses 
possible mechanisms through which the diffusion re- 
tardation and ragged junctions should occur. 

Experimental Procedure 
For this investigation, Czochralski grown silicon 

wafers (111) oriented and virtually dislocation free 
were used. They were lapped and chemically polished 
to remove all surface damage. Phosphorus diffusions 
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Fig. 1. Junction depth vs. phosphorus concentration; circles repre- 
sent data after drive-in cycle. Photo inserts illustrate the junction 
depth from beveling and staining a t  representative points. 

were done in the manner described in the introduc- 
tion. Both blanket diffusions over the entire wafers 
and planar diffusions using standard oxide masking 
techniques were used; some of the planar structures 
were emitters of actual N-P-N transistors. Junc- 
tion depths were measured by standard angle lap and 
copper staining techniques. 

Diffused phosphorus profiles were determined on 
blanket diffusions by neutron activation analysis tech- 
niques similar to that employed by Tannenbaum (1) 
and Kooi (7).  After diffusion, wafers were irradiated 
with neutrons to produce P3'. The wafers were pro- 
filed by anodizing and etching the resultant oxide to 
remove thin layers of silicon and employing a liquid 
scintillation radio-assay of the etchants to determine 
the amount of phosphorus atoms removed in each 
etching step. In some cases, the wafer itself was 
counted with a Geiger-Mueller type counter after 
each step; the two counting techniques agreed well. 

The crystallographic damage of the diffused areas 
was determined by x-ray transmission diffraction 
microscopy, using the scanning oscillator technique 
(SOT) to record topographs of entire wafers (8); by 
transmission electron microscopy (9); and by Sirtl 
etching (10) of diffused areas. Taking advantage of the 
nondestructive nature of the first technique, x-ray 
topographs were made of both blanket and planar 
diffused wafers after both the deposition and the 
drive-in cycles. In a few cases, transmission electron 
microscopy was used to resolve the structure of the 
crystal disorder revealed by the x-ray topographs 
(11). Finally, diffused areas were Sirtl etched for 
10-15 sec and examined for crystal disorder. 

In some cases when the crystal structure around 
actual devices was examined, transistor gain and Vbe 
were measured and correlated with the crystallographic 
structure of the phosphorus diffused area. If the base 
width is narrow compared to carrier diffusion length, 
Vhe at a given low current can be used as a relative 
measure of total base doping (12). Since the time- 
temperature cycles of these diffusions were identical 
and the junction depths similar, small variations in 
Vhe reflect similar variations in effective base width; 
equal Vhis indicate equal base widths. For this in- 
vestigation Vbe was used only as a relative measure 
of effective base width and no attempt was made to 
relate this factor to transistor gain theoretically. 

Results and Discussion 
Figure 2a illustrates the phosphorus profiles prior 

to drive-in for two concentrations of phosphorus, one 
above and the other below the ragged region. As might 
be expected, the profiles are similar and the junction 
depths are almost equal. Figure 2b shows profiles 
for two similar wafers after drive-in. In agreement 
with the junction depth measurements shown in Fig. 1, 
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Fig. 2. Total phosphorus concentration profiles; (a) after deposi- 
tion only, (b) after both deposition and drive-in. 

the lower surface concentration diffused to a greater 
depth. Also, the concentration gradient at any depth 
is steeper for the higher concentration diffusion. Thus, 
the effective diffusion coefficient for the higher con- 
centration appears to be reduced all along the profile. 

The crystal damage in the diffused areas shows a 
similar relation to the process steps as the difision 
profiles in that anomalous behavior appears after the 
oxidizing drive-in-cycle on high concentration samples. 
After deposition only, the x-ray topographs show al- 
most no evidence of dislocations or precipitation even 
when very high concentrations of phosphorus are used. 
An example of such a topograph is illustrated in Fig. 
3a which shows no contrast indicative of damage. 
However, after drive-in, wafers deposited with high 
concentrations of phosphorus (i.e., above the ragged 
region) reveal much crystal disorder as indicated by 
the anomalous contrast of Fig. 3b; this is the same 
wafer shown in Fig. 3a. It was confirmed through 
electron microscopy that this crystal disorder con- 
sists of dislocations and precipitates as illustrated by 
the electron micrographs, Fig. 3c.l On the other hand, 

1 It mav seem sumrisine that no dislocations aDDear after de~os i -  
t i &  b6GeiG~~iiP-poJsrblese that the-rather abr"pt appearance of 
the hisioeationls is the result of a threshold effect activated by the 
smnll increase in total concentration and/or an enhancement of 
c6y&l energy from i h e  additional heat cycle and surface oxidation 
of the drive-in. This is supported by Shockley's model which re- 
quires a certain minimum impurity concentration for dislocation 
formation (see H. S. Queisser, J .  App l .  Phys., 82, 1776 (1961). 
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Fig. 3. X-roy topogroph (SOT) and electron micrographs of 
blanket phosphorus diffused wafer; (a) x-ray topogroph after dep- 
osition only; (b) x-ray topograph after drive-in; (c) electron micro- 
graph illustrating dislocation networks, token at  the surfoce. mag- 
nification co. 80WX. 

wafers whose deposition phosphorus concentration was 
below the ragged region are still relatively free of 
crystal damage after drive-in. Wafers within the rag- 
ged region show a varied crystal disorder. 

These observations are confirmed by Sirtl etching. 
After deposition only, the Sirtl etch technique reveals 

PHOSPHOROUS SOURCE C O W  

400C 

INTRATION 

Fig. 4. Sirtl etch patterns of tronsistor structures with phos- 
phorus diffused emitters. Note etch pits surrounding emitter area 
of unit highest phosphorus concentration. Magnification ca. Z15X. 

little surface structure. After drive-in, there is much 
crystal disorder for the wafers of higher phosphorus 
concentration as shown in Fig. 4. For the sample 
of 500 ppm phosphorus source, there is the beginnings 
of a "crow's foot" type pattern similar in nature to 
the slip lines reported by McDonald et al. (6) for 
similar types of phosphorus diffusion. As the con- 
centration increases, the pattern becomes more dense 
until it resembles a general haze. Note that for the 
highest concentration there are a large number of 
etch pits surrounding the emitter. These pits result 
from dislocation loops that propagate for considerable 
distances outside of some high concentration phos- 
phorus diffused planar structures. These dislocations 
have been described previously (13), and have been 
shown to be distinct from and often in addition to the 
diffusion induced dislocation networks within the dif- 
fused areas. 

From the foregoing observation, it appears that 
the ragged junction area is a transition region in 
which diffusion induced dislocations and precipitates 
are forming. In other words, the dislocations, etc. can 
be directly correlated with retardation of phosphorus 
diffusion. When these dislocations are uniformly pre- 
sent or absent across a wafer, the junctions are flat. 
When these dislocations are not uniform, as when the 
phosphorus concentration is such that dislocations are 
just beginning to form, the diffused junctions have 
variable depths; or, they are ragged. This would cor- 
respond to the ragged region of Fig. 1. 

The crystal damage within the diffused areas, con- 
sisting of diffusion induced dislocations and pre- 
cipitation, was found to extend into the silicon for 
about 20-25 @in. (or about 1/3 junction depth) as 
determined by combining the x-ray technique with the 
anodic removal of thin silicon layers. Conversely, the 
dislocation loops around the edges of the planar struc- 
tures extend to depths of 0.5 mils (and sometimes 
more). Thus, the former type of damage would be 
confined to the emitter of a transistor, whereas the 
peripheral dislocation loops would extend well through 
the base. These dislocation loops are correlated with a 
reduction of transistor gain; a phenomenon presumably 
due to carrier recombination within the base along 
the dislocations. For example, consider the two device 
wafers, of which x-ray topographs are shown in Fig. 5. 
The phosphorus concentrations are just about the 
ragged region in both cases (Fig. I ) ,  and all junctions 
are flat. However, the peripheral dislocation loops 
around the edges appear on only one of the wafers. 
Note that the geometry of the units themselves are 
delineated by the contrast resulting from the macro- 
scopic elastic strains around the phosphorus diffused 
areas. The average Vhe for both was 0.10~ (&0.005), 
but the transistor gain (at 2.5 ma) of those without 
dislocations was 52 2 3 and of those with dislocations 
was 33 + 5. This phenomenon can also be illustrated 
by Fig. 6 which plots transistor gain ( p )  us. Vbe 
for units whose phosphorus concentrations in the 
emitters were both above and below the ragged re- 
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Fig. 5. X-roy topogrophs of device structures upon which trans- 
istor gain was subsequently measured. Vh, = 0.70 at le = 0.5 
ma: (a) devices without peripheral dislocation loops, p = 52; (b) 
devices with dislocation loops, p = 33. 

O' 0.68 0.70 0.72 0.74 
I 

VBE(VOLTS) 

Fig. 6. Transistor gain, "p" vs. Vbe taken a t  I, = 0.5 ma for 
transistor made with high and low phosphorus emitter diffusions. 

gion, 8000 ppm and 500 ppm, respectively. Those of 
higher concentration would have the peripheral dis- 
location loops but the others would not. It is obvious 
that the lower phosphorus concentration yields a 
higher gain for any given Vbe. 

Possible Mechanisms 
At this time, it is not possible to establish a firm 

model to explain the retardation or ragged junction 
phenomenon; however, several possible contributory 
mechanisms may be discussed. As indicated above, 
the formation of dislocations and precipitates at high 
concentrations of phosphorus appears to correlate di- 
rectly with the retardation of the phosphorus diffusion. 
This suggests a possible relation with relief of lattice 
strain through dislocations. The diffusing phosphorus 
concentration profile will introduce strains which are 
counterbalanced by tensile stresses of the silicon 
covalent bonds in the neighborhood of the profile 
itself (14). This strain may enhance the diffusion 
coefficients of the diffusing impurities. For example, 
Balluffi and Ruoff (15) proposed three possible me- 
chanisms whereby diffusion is enhanced in strained 
lattices owing to an increased concentration of 
vacancies. (Phosphorus is generally believed to diffuse 
by vacancy exchange.) Two of their three mech- 
anisms involve relationships of excess vacancies to 
moving dislocations, and the third involves merely 
an increase in vacancy formation rate in the bulk 
lattice. Now, the formation of high densities of dis- 
locations (or precipitates) may either simply reduce 
the lattice strain and the strain enhanced diffusion, 
or it may "anchor" the dislocations at node1 points 
of the dislocation networks to prevent a dislocation 
movement. With respect to the latter possibility, Joshi 
and Wilhelm (91, show the existence of such nodal 
points in phosphorus diffusion induced dislocation net- 
works and suggested their role in preventing disloca- 
tion movement. Thus, the diffusion induced dislocations 
may nullify a strain enhanced diffusion mechanism, 
which is operative just below the ragged junction re- 
gion. 

In addition, the diffusion induced dislocations and 
precipitates may reduce the effective mobility of 
the diffusing phosphorus atoms by providing pre- 
cipitation sites for some phosphorus atoms. This 
possibility was suggested by Lawrence (16) to ex- 
plain an apparent retarded phosphorus base diffusion 
of a PNP transistor when high concentrations of 
phosphorus were used as the base diffusant, and it was 
further discussed by Joshi and Dash. (17). However, 
it must be noted from Fig. 2b that the lower phosphorus 
concentration profile reflects a higher effective diffusion 
coefficient at depths well below the point at which 
precipitates cease. 

Since high densities of dislocations correspond to 
the condition of retarded diffusion, any diffusion en- 
hancement due to dislocations, or their formation, is 
secondary. This is reasonable since these dislocations 
normally lie perpendicular to the diffusion direction, 
see Fig. 3c, and are, thus, unlikely to provide pref- 
erential diffusion paths. Also, the formation of these 
dislocations need not produce a large excess of 
vacancies if their formation mechanism is by slip. 
Thus, Nicholas' model, whereby the mere formation of 
dislocations causes very high vacancy concentrations 
( 3 ) ,  is probably not important in our system. 

Summary 
A retardation effect of phosphorus diffusion at very 

high concentration is reported. This retardation is 
phenomenologically related to the formation of dif- 
fusion induced dislocations. It is suggested that this 
relation is through a reduction of strain enhanced 
diffusion through dislocation formation. However, pre- 
cipitation at dislocations may also affect the system. 

Also reported is the existence of large dislocation 
loops around planar structures diffused under condi- 
tions of retarded phosphorus diffusion. If these dis- 
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D-C Dielectric Breakdown of Amorphous 
Silicon Dioxide Films a t  Room Temperature 

F. L. Worthing 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The dielectric breakdown properties of atmospheric pressure steam-grown 
silicon dioxide films, grown on fresh epitaxial layers with degenerate silicon 
substrates, were studied at room temperature as a function of d-c voltage, 
time, polarity, thickness of the oxide, and rate of change of voltage. Contact 
was made to the oxide by 0.025 in. diameter evaporated gold dots. The ob- 
served phenomena were found to depend basically on the polarity of the ap- 
plied potential. At positive silicon potentials (gold dots negative) dielectric 
breakdown occurred abruptly with no detectable conduction below break- 
down. Positive breakdown is not time dependent and appears to be of the type 
generally referred to as intrinsic or disruptive breakdown. At negative silicon 
potentials (gold dots positive) these films exhibited conduction in the na range 
and a time dependence of dielectric breakdown. If t is the time it takes an 
oxide to breakdown at an applied voltage V, a linear relationship between V 
and t - l J 4  is observed over a range of approximately 150v. This is an empirical 
relationship known as Peek's law. 

Several measurements have been found useful for 
the comparative evaluation of silicon dioxide films 
developed for device passivation. One of these is di- 
electric breakdown strength. However, there has fre- 
quently been confusion due to discrepancies between 
values obtained by different methods. 

The dielectric breakdown properties of silicon di- 
oxide films were studied at  room temperature as a 
function of d-c voltage, time, polarity, thickness of 
the oxide, and rate of change of voltage. The films 
were grown on fresh epitaxial layers of approximately 
25 ohm-cm, N-type with 0.01 ohm-cm, N-type silicon 
substrates. Surface cleaning of the substrates prior to 
epitaxial deposition consisted of a solvent degrease, a 
2-min HF dip, a deionized water rinse, a 15-min soak 
in HN03 at 80°C, and a final deionized water rinse. 
Oxides were grown directly on the epitaxial layers, 
without additional cleaning, by heating the silicon sub- 
strates in 1050°C steam at atmospheric pressure. Oxide 
growth time was about 1 hr (depending on the desired 
oxide thickness) after which the samples were air 
quenched. Index of refraction for the oxide films was 
about 1.47. 

For the tests about to be described, dielectric break- 
down will be arbitrarily defined as occurring at that 
voltage which is sufficient to produce damage resulting 

in a sustained leakage current greater than 1 pa as long 
as the applied voltage is maintained. An order of mag- 
nitude change in either direction for this definition 
would not greatly alter the values of dielectric 
strength reported here. After-breakdown self-healing 
is excluded, and a contact dot generally exhibits cur- 
rent greater than 0.1 pa at  any applied voltage in the 
same polarity. 

Sample Preparation and Measuring System 
The silicon wafers used were 0.250 X 0.420 X 0.015 

in. Various samples having oxide thicknesses ranging 
from 3000 to 10,000.4 were used, although the most 
commonly used oxide thickness was 6000.4. Fifty 0.025 
in. diameter gold contact dots 5000A thick were 
evaporated on the oxide. The underside of the silicon 
substrate was electroless nickel plated to make elec- 
trical contact with the test stage. Unless otherwise 
noted, all samples with their contact dots were baked 
at 400'C for aproximately 1 hr in air before break- 
down tests were conducted. The gold dots were con- 
tacted by a 0.002 in. diameter gold probe. 

Test equipment consisted of a Keithley Model 240 
regulated high voltage power supply (accuracy f 1 % ) 
and a Hewlett-Packard 425A microammeter. Chart 
recordings were obtained from a Varian strip chart 
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recorder, Model G-11A, fed from the microammeter. 
Voltages were measured by a Keithley Model 6lOA 
electrometer. The experimental arrangement is shown 
in Fig. 1. In some cases voltage was applied at a con- 
stant rate by means of a motor driven potentiometer. 

In defining polarities the convention will be to call 
the negative polarity that voltage which makes the 
silicon negative, or gold contact dot positive. 

Results and Discussion 
Incipient breakdown region.-Figure 2 shows the 

current-voltage characteristic of a contact dot for 
which the voltage was applied as a voltage ramp. The 
ramp was started from zero and increased at  a con- 
stant rate of 10 v/min, in the negative direction, that 
is, with silicon negative. The start of a region which 
will be referred to as the "incipient breakdown re- 
gion" is indicated by the increase in conduction at  
about 280v (4.7 x 100 v/cm). As application of the 
voltage ramp continued, conduction continued to in- 
crease more and more rapidly, until breakdown oc- 
curred at  395v (6.6 X lo8 v/cm). Figure 3 shows the 
conduction pattern of a contact dot for which negative 
potential was again applied as a voltage ramp, in- 
creasing at  the rate of 10 v/min. This time, however, 
the ramp was stopped at  the very beginning of the "in- 
cipient breakdown region." With the resulting fixed 
voltage of 300v (5.0 x 106 v/cm) maintained on the 
sample conduction continued to increase, until break- 
down occurred 46 min later. I t  was thus found con- 
venient to define the "incipient breakdown region" as 
that region where the application of negative potential 
results in a leakage current sufficiently unstable that, 
with no further increase in the applied voltage, it will 
eventually rise continuously until breakdown occurs. 

( ,METAL DOT: 0 . 0 2 ~ ~ ~ 1 ~  I 
OXIDE 

&.SILICON 

TEST BLOCK 

Fig. 1. Experimental arrangement for dielectric breakdown 
studies, shown for the case of positive silicon potential. 

BREAKDOWN SS5V 

STMT O r  INCIPIENT 

Fig. 2. Current-voltage characteristic of a contact dot for which 
increasing negative potential was applied to the silicon by means 
of a voltage ramp generator. Start of, the incipient breakdown 
region is indicated by an increase in conduction of about 280~. 
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.02 - 
.01 - 
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0 5 D I5 20 25 30 35 40 45 
START MLTYiE -WN FROM 'STOP'- 
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Fig. 3. Conduction pattern of a contact dot for which negative 
silicon potential was increased to 300~. Conduction continued to 
increase, with the voltage held constant, until dielectric breakdown 
occurred in 46 min. Note the appearance of transient current noise 
pulses, accompanied by visible light flashes, just prior to break- 
down. 

This is a characteristic feature of the conduction be- 
havior for any fixed negative voltage in or close to the 
incipient breakdown region; over 100 dielectric break- 
down tests were conducted in the manner described 
using various SiOp film samples. Thus the time re- 
quired for breakdown to occur at the negative polarity 
is determined by the magnitude of the voltage and its 
rate of application prior to reaching that magnitude. 

If the incipient breakdown region was approached 
repeatedly by the voltage ramp technique, the current 
instability started at  a somewhat lower voltage each 
time and eventually breakdown occurred at about 
250v (4.16 x 108 v/cm). This is about 150v lower than 
breakdowns obtained by a single continuous applica- 
tion of the voltage ramp. It thus appears that permanent 
damage was done each time the incipient breakdown 
region was approached, even though the current was 
never allowed to exceed 0.1 na. The phenomenon de- 
scribed here applies only to the case of silicon nega- 
tive, since the incipient breakdown region is polarity 
dependent. The effect of lowering the breakdown 
strength by the previous application of stress has been 
noted previously by others (1). The foregoing obser- 
vation would seem also to be in agreement with the 
theory of a constant volt-time life of insulation (2).  

Time-voltage curves.-These experimental results 
show that, with negative voltages applied to the sili- 
con, breakdown of SiOz usually is a gradual time de- 
pendent process. It is not therefore to be confused 
with intrinsic breakdown (to be discussed later) 
which would occur only as a very rapid process and 
for the most part at considerably higher field 
strengths. 

In Fig. 4 each point represents time to breakdown, 
at  negative silicon potential, for a different contact 
dot on the same sample. For example, the point indi- 

1.80 - 
sio, roool J a.u % ! 

ZOO 1 
I 
I 200 I I I I I  0 I D 4 0 M I O I W  900 300 

t 1M*1 

Fig. 4. Dielectric breakdown levels vs. time for negative silicon 
potential. Point indicated by the arrow was obtained by applying 
a negotive potential of 3Wv until breakdown occurred in 78 min. 
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cated by the arrow was obtained by applying full 
stress at 300v until breakdown occurred in 78 min. 
("Full stress" means that full voltage was reached in 
less than 1 min.) By choosing different test voltages 
for the various contact dots on a sample a time voltage 
curve is obtained. These test voltages are shown 
plotted against linear time. A replot of the same data 
is shown in Fig. 5 with the linear time scale replaced 
by a t-'I4 scale, where t is time to breakdown. The 
t-114 dependence is an empirical relationship known as 
Peek's law which may be stated as V = V, + at-1/4, 
where V is breakdown voltage at any time t, V, is the 
infinite-time breakdown, and a is a constant (3). Ma- 
terials for which curves obeying this law have been 
reported in the literature include synthetic plastics, 
various glasses, porcelain, and mica. (It should be noted, 
however, that in most of these cases there was no po- 
larity effect, since the same electrodes were used on 
both sides of the insulator.) Peek's law appears to hold 
for d.c, only where there is some instability in con- 
duction behavior which causes the current to tend to 
increase with the voltage held constant. This degrada- 
tion of the dielectric with time has often been referred 
to in the literature as "thermal instability," although 
what actually happens may be gradual chemical or 
physical deterioration as suggested by Miller (4). The 
term thermal instability is used here with this qualifi- 
cation. Peek's law is applicable below some potential 
which is called the intrinsic breakdown level. In Fig. 
5 the last two breakdown points, at  the extreme right 
of the figure, fall short of the curve because they are 
in the intrinsic range which is not time dependent. 
The intrinsic level for this sample was about 410v. 
Time-voltage curves, similar to the one shown here, 
have been obtained for numerous samples with nega- 
tive potentials applied over the range of 250-450v and 
at times ranging up to about 22 hr. These curves are 
reproducible on the same sample. Extrapolation of 
the curve of Fig. 5 to the intercept at t-114 = 0 yields 
an infinite-time breakdown voltage (V, of Peek's law) 
of about l9Ov (3.16 x 106 v/cm). 

Breakdown tests have been performed, using nega- 
tive potentials, while a sample was held immersed in 
liquid nitrogen. Negative breakdown was found to be 
no longer time dependent. This result shows that heat- 
ing of the stressed area must have some influence on 
the time dependent type of negative breakdown previ- 
ously described. At a sufficiently high voltage break- 
down occurred instantaneously in a manner similar 
to that to be described for positive potentials. 

Transient current pulses.-Rather severe transient 
current noise pulses are frequently observed in the in- 
cipient breakdown region. Such pulses are shown in 
the chart recording of Fig. 3. A number of workers 
have reported the unsteady nature of currents just 
prior to breakdown. O'Dwyer has observed that one 
of the characteristics of avalanche breakdown in solids 

MINIMUM INTRINSIC DIELECTRIC MEAUDOWN LEVEL FOR THE SAMPLE ------------------- ---------+ 

/ sio, mi 

/ TIME DEPENDENT 
NEGATIVE BREAKDOWN 

is that prebreakdown current will be very noisy, due 
to the buildup of avalanches which fail to reach the 
critical size (5). These pulses are randomly distributed 
although their magnitude increases with increasing 
voltage. They may appear with either fixed voltages or 
with voltage applied by the ramp technique. 

Light emission and surface spots.-When the pulses 
described exceed approximately 10 na they are usually 
accompanied by visible light flashes which occur at  
various locations over the surface of the gold contact 
dot. The appearance is that of one or more pin point 
flashes of blue-white light, when the sample is viewed 
through a low power microscope in semidarkness. 
Where such flashes have occurred a change in the sur- 
face texture of the gold is usually observed. A portion 
of the surface of a gold contact dot is shown highly 
magnified in Fig. 6. The surface spots seen here are 
burned spots in the gold which indicate the location 
of previous flash sites. In some instances these spots 
are observed to have actual holes at their centers. 
There is evidence that these holes may extend through 
both the gold contact and the dielectric layer. In this 
respect they are apparently very similar to the self- 
healing breakdowns associated with weak spots in the 
dielectric, as recently reported by Klein and Gafni (6). 

A sample on which the oxide under most of the 
gold contact dots had been broken down was sub- 
jected to a 20 to 1 mixture of nitrogen and chlorine 
gas at 800" for 30 min (standard for all our chlorine 
etch studies) after the contact dots had been removed. 
Etch pits were found where contact dots had been 
located but not in the 0.024 in. margins between rows 
of dots. 

To check the possibility that potential pinholes of 
the type discussed by Lopez (7) might be present 
within the film an ammonium fluoride-hydrofluoric 
acid etch was then used to reduce the oxide thickness 
from 6000 to 2500A. The sample was again subjected 
to a hot chlorine etch for 30 min. No new etch pits 
developed in the margins. 

As a further check for the possible presence of po- 
tential pinholes several samples were exposed to a 
water-amine-pyrocatechol etching system (8) at 
110°C for 6 hr. This treatment removed approximately 
lOOOA of oxide, and the samples were found to have a 
negligible pinhole count. From these test results it 
was concluded that the oxide prior to dot evaporation 
was relatively free from pinholes or potential pinholes 
and that the reported light flashes are not caused by 
pinholes or potential pinholes which are detectable by 
chlorine or water-amine-pyrocatechol etching (9). 

Discharges.-An obvious question concerning cur- 
rent pulses and flashes of the type described is 
whether they might be attributed to some type of dis- 
charge phenomena not occurring within the oxide it- 
self. Possibilities include internal discharges (between 
the gold dot and the SiOz or in minute voids or cavi- 
ties where the gold makes poor contact with the SiOe), 
external or surface discharges (between the edges of 

Fig. 5. Replot of the data of Fig. 4 with the linear time scale 
replaced by a t - 5  scale, where t is time to breakdown. The last 
tie breakdown points, a t  the extreme right of the figure, are not Fig. 6. A portion of the surface of a gold contact dot. Surface 
in agreement with Peek's law because they are in the intrinsic spots seen in this figure are burned spots in the gold which indi- 
range which is not time dependent. cote the location of previous flash sites. Magnification ca. 1WX. 
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the dot and the neighboring SiOn), or corona type 
discharges. Mason has reported that surface discharges 
are often 10-50 times larger than internal discharges 
(10). 

To determine whether these flashes were occurring 
in voids, cavities, or areas of poor contact between the 
gold and the SiOz, the dots on one sample were sub- 
jected to rapid heating which caused the formation of 
many tiny bubbles under each dot. Electric field 
strengths sufficiently high to cause appearance of the 
usual flashes were then applied. It was observed that 
the flashes did not occur under or even near the edges 
of a bubble. 

Next the possibility was investigated that some of 
these flashes might be the result of surface-type dis- 
charges occurring between the gold contact dot and 
the neighboring oxide. The gold probe was lowered to 
make contact with a gold contact dot, then paraffin 
wax was melted over the entire surface of the dot 
and around the gold probe. It was found that the 
flashes still occurred with about the same distribution 
and in the same field strength range. It was further 
found, however, that negative breakdown was no 
longer time dependent. Apparently in this case the 
heat produced when a flash occurred melted some of 
the adjacent wax which in turn cooled the flash site, 
thus preventing thermal instability. These results, 
along with those previously described concerning 
breakdowns obtained at  liquid nitrogen temperature, 
reinforce speculation that the negative breakdowns 
observed were the result of thermal instability and 
were not influenced by external discharge effects. 

Further evidence that external discharges need not 
occur in the range of field strengths observed is found 
in work done by Austen and Whitehead (11) in which 
they obtained even higher field strengths in air with- 
out encountering discharges. They measured the di- 
electric breakdown strength of thin sheets of mica at 
thicknesses of the same order as the SiOt films re- 
ported here. Their measurements were made using d-c 
voltage to obtain field strengths in the range of ap- 
proximately 11 to 16 x 106 v/cm. They confirmed the 
absence of discharges by separate experiments. In 
later work Plessner has reported similar findings for 
silica films (12). 

Dielectric breakdown at positive polarities.-Lack of 
positive conduction.-Dielectric breakdown at posi- 
tive potentials (silicon positive) is not time dependent 
and appears to be of an intrinsic nature, which yields 
the true dielectric strength of the material itself (13). 
This lack of time dependence is attributed to the ab- 
sence of thermal instability, which in turn results 
from the lack of conduction below breakdown at this 
polarity.' In other words, in the absence of conduc- 
tion, thermal instability cannot occur. Oxide specimens 
appear to remain indefinitely stable at positive poten- 
tials below their intrinsic dielectric breakdown levels. 
A typical pattern illustrating the absence of conduc- 
tion and the lack of time dependence of breakdown 
with positive silicon potential is shown in Fig. 7. Here 
the voltage ramp technique was used to apply posi- 
tive potential at the rate of 10 v/min. Notice the ca- 
pacitance charging current of about 3 pa which ceased 
when the ramp was stopped at  the 400v level. 

This sample was known to have an intrinsic di- 
electric breakdown of about 410v. However, a potential 
only 10v below this value could be maintained for over 
10 hr with no sign of increased conduction or of 
breakdown. After this time the voltage ramp was re- 
started and breakdown occurred, as predicted, at the 
410v level (-6.8 x 106 v/cm). Notice the contrast 
between this behavior and that of the sample shown 
in Fig. 3. 

Conductivity and charge storage experiments, in 
which asymmetric conduction has been observed in 

'The lowest current that could be accurately measured was 
around 2 pa. 
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Fig. 7. Typical positive conduction pattern illustrating; (a) ca- 
pacitive charging current of about 3 pel which ceased when the 
10 v/min voltage ramp was stopped a t  the 4 0 0 ~  level; (b) pre- 
breakdown noise pulses; (c) absence of conduction and lack of 
time dependence with a positive potential of 400v applied to the 
silicon for over 10 hr; (d) a positive dielectric breakdown level of 
410v (-6.8X106 v/cm) which was reached when the voltage ramp 
was restarted. 

silica films at low voltage and high temperature, have 
been reported by (among others) : Kerr, Logan, Burk- 
hardt, and Pliskin; Ishikawa, Sasaki, Seki, and Ino- 
waka; and by Yamin and Worthing (14). It was found 
that rectification occurred and that the conducting di- 
rection was with silicon negative, which is in agree- 
ment with observations reported here. 

Voltage ramp technique and transient current pulses. 
-Some samples show current pulses in the prebreak- 
down region with changing positive potential. An ex- 
ample of this may be seen in Fig. 7. Samples which 
show this effect will often break down about 5-10% 
below what has been tentatively established (by the 
application of fixed stresses) as in intrinsic or dis- 
ruptive breakdown level, if the voltage ramp is al- 
lowed to continue. 

As previously described for pulses occurring at 
negative potentials, these current pulses are accom- 
panied by visible light flashes at various locations on 
the surface of the gold contact dot when they exceed 
approximately 10 na. If at  any time prior to break- 
down the voltage ramp is stopped and the resulting 
fixed voltage maintained on the sample, charging cur- 
rent ceases and breakdown does not occur. 

Other contact metals and films by other methods.- 
The polarity effects and the time dependence of di- 
electric breakdown reported have been observed for 
other contact metals such as aluminum and platinum. 

The techniques described have been applied to the 
evaluation of films obtained by other methods on 
similar substrates. SiOz films obtained by plasma dep- 
osition, as reported by Ligenza and Povilonis (15), 
were tested by the methods deswibed. Some differ- 
ences in dielectric breakdown and prebreakdown con- 
duction levels were observed, but in general the same 
basic phenomena as reported for steam-grown SiOz 
films were found. 

Dielectric strength of atmospheric-pressure steam- 
grown SiO2.-Approximately 50 positive dielectric 
breakdown tests were conducted using various SiOz 
film samples. Values of intrinsic dielectric strength, 
derived from the observed positive breakdown poten- 
tials, ranged from about 7 x 106 v/cm to about 1 x lo7 
v/cm. These values are in general agreement with 
those reported in the literature for quartz and vitreous 
silica (16). Positive breakdown values are, in general, 
highly reproducible for different contact dots on the 
same sample. A comparison of 12 positive breakdown 
values, obtained using several different SiOz film sam- 
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ples, showed an average dielectric strength value of 
7.03 x 106 v/cm with a standard deviation of 0.30 X 
100 v/cm. A comparison of dielectric strength values 
obtained using different area contact dots showed no 
significant area dependence. No variation in dielec- 
tric strength (volts/centimeter) with thickness of the 
oxide was found over the thickness range used (3000- 
10,000A). Since the films were amorphous in structure, 
no variation of the dielectric strength with thickness 
was expected from Frohlich's theory, because the 
mean-free paths for electrons would be too short (12). 

Summary and Conclusions 
Dielectric breakdown and prebreakdown phenomena, 

for SiOz films on silicon, are found to depend primarily 
on the polarity of the applied potential. This stems 
from a fundamental difference in the breakdown 
mechanism involved. At negative silicon polarities di- 
electric breakdown strength bears a linear relationship 
to t-l'4, over a range of approximately 150v, where t 
is time for which voltage is applied. This is attributed 
to conduction and thermal instability. Time-voltage 
curves form a convenient means for displaying this 
time dependence at negative potentials. 

Dielectric breakdown at fixed positive potentials is 
not time dependent. Breakdown appears to be of an 
intrinsic nature which yields the true electric strength 
of the dielectric independent of time. This is attributed 
to the lack of conduction below breakdown at positive 
potentials and the absence of thermal instability, 
whether due to electrical, thermal, chemical, or other 
effects. The polarity effects and time dependence of 
breakdown reported have been observed for other 
contact metals, such as aluminum and platinum. 

In the breakdown experiments reported, which were 
performed at high voltages and room temperature, it 
was observed that the conducting direction is with 
silicon negative. 

Conductivity and charge storage experiments have 
been performed on silica films at  low voltage and 
high temperatures. These have been reported by, among 
others, Kerr et al., Isikawa et al., and by Yamin and 
Worthing (14). In these experiments it was also found 
that rectification occurred and that the conducting di- 
rection was with silicon negative. 

Light flashes are usually observed at various loca- 
tions over the surface of the contact dot when tran- 
sient current noise pulses exceed approximately 10 
na. Since both chlorine etch tests and the water- 
amine-pyrocatechol ,etching system indicate that the 
oxides used were initially free of pinholes or potential 
pinholes, it is concluded that the light flashes are not 
caused by pinholes which are detectable by these 
etches. 

Values of intrinsic electric strength, derived from 
observed positive breakdown potentials, range from 

about 7 to 10 x 106 v/cm. These values are in general 
agreement with those reported in the literature for 
quartz and vitreous silica. Positive breakdown values 
are, in general, highly reproducible for different con- 
tact dots on the same sample. No variation in dielec- 
tric strength (volts/cm) with thickness of the oxide 
was found over the thickness range of 3000-10,000A. 

Manuscript received Aug. 23, 1966; revised manu- 
script received Sept. 29, 1967. This paper was presented 
at the San Francisco Meeting, May 9-13, 1965, as 
Abstract 97. 

Any discussion of this paper will ap ear in  a Dis- 
cussion Section to be published in the becember 1968 
JOURNAL. 
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Mechanism of Branching and Kinking during VLS Crystal Growth 
R. S. Wagner and C. J. Doherty 
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ABSTRACT 

The morphology of the solid-liquid interface and the contact angle con- 
figuration of the liquid alloy droplet determine the direction of growth of 
crystals prepared by the vapor-liquid-solid (VLS) technique. There are 
four different processes by which both growth kinks and branches can be 
formed. A change in solid-liquid interface shape during VLS caused by a 
lateral temperature gradient results in the formation of growth kinks. 
Branches are formed if the alloy droplet ruptures during the kinking se- 
quence. A sudden increase in temperature can cause an unstable contact angle 
configuration. The alloy droplet may run down the side faces of the growing 
crystal, leading to the formation of growth kinks or branches. A sudden de- 
crease in temperature may cause "pinching off" of small droplets from the 
main droplet, giving rise to branches. Finally, the codeposition of liquid-form- 
ing impurities may also lead to branch and kink formation. The proposed 
models have been verified experimentally for VLS growth of silicon and 
germanium. Crystalline defects, such as dislocations, are not essential for the 
branching and kinking process. It is shown that "growth shaping" during the 
VLS process is possible. 

Many whisker crystals grown from the vapor con- 
tain growth kinks and branches. The accidental at- 
tachment of two crystals during growth, which oc- 
curs rather frequently, will not be considered in this 
paper. The morphology of branched and kinked crys- 
tals has been studied for germanium (1) and silicon 
whiskers (2).  It has been found that the various 
segments of these crystals constitute a single crystal. 
For a kinked germanium crystal, the direction of 
growth was found to change abruptly from [ I l l ]  to 
[ l l i l .  Similarly, a branched silicon whisker with a 
[I111 main direction was found to be a single crystal, 
the branch resulting from simultaneous growth in the 
[ l l i l  direction. 

Many different theories (3-7) have been proposed 
to explain branching and kinking during vapor-phase 
growth of whisker crystals. All theories assume that 
the whisker crystals grow by the "screw dislocation" 
mechanism. Branching and kinking are explained by a 
variation of the dislocation model involving either a 
climb process of the dislocation at the whisker's 
tip or nucleation of a branch at a dislocation intersec- 
tion. However, there is no reported experimental evi- 
dence to justify any of the proposed theories. It ap- 
pears rather that the observation of growth kinking 
and branching has lead many investigators to believe 
that these changes in growth habit can be attributed 
to the operation of a screw dislocation mechanism in 
whisker growth. 

It has been shown that the vapor-liquid-solid 
(VLS) (8-12) mechanism explains many features of 
the growth of whisker crystals. It is the purpose of 
this paper to show that branching, kinking, and the 
growth of curved crystals can also be accounted for by 
the VLS process. The present work is an outgrowth of 
an earier investigation on the controlled growth of 
silicon crystals in the form of intricate patterns on 
silicon substrates (10). The crystals shown in Fig. 8 in 
ref. (10) were grown under nearly isothermal condi- 
tions using a resistance heated furnace 10 in. long. 
Branched or kinked whiskers did not form under these 
experimental conditions. At this point of the investiga- 
tion, it was considered worthwhile to take motion pic- 
tures during VLS growth. For this objective, the ex- 
perimental conditions had to be changed drastically. 
The limited working distance of the microscope re- 
quired an alteration of the heating system. The resist- 
ance furnace was replaced by a 2 in. long graphite 
tube which served as susceptor inside the reaction 
tube. A considerable lateral and axial temperature 

gradient in the growth zone could not be avoided. Mo- 
tion pictures of VLS growth clearly showed that very 
frequently the crystal branched or kinked during 
growth. In some experiments all the crystals in an 
array kinked in the same direction, toward the higher 
temperature region. Because of the small thermal mass 
of the graphite susceptor, sudden changes in tempera- 
ture in the growth zone could be obtained by changes 
in the r-f output of the generator. Such changes, 
whether intentional or accidental, quite often resulted 
in branched and kinked whiskers. Similar changes in 
growth morphology were obtained by sudden changes 
of the total gas flow through the reaction tube. These 
observations were studied in detail, and the results 
are discussed in the following sections. 

The proposed models are both simple and unique, 
and the experimental verification is unequivocal. It 
will be shown that crystalline defects, such as dislo- 
cations, are not essential for the branching and kink- 
ing process. We discuss in the first part of the paper 
the factors which control the direction of growth of 
silicon crystals grown by VLS. In subsequent sections 
are described four different processes by which 
branches and growth kinks can be formed. It is shown 
that controlled "growth shaping" during whisker 
growth from the vapor phase is possible. 

Experimental 
The experimental procedure for controlled VLS 

growth of silicon crystals has been reported previ- 
ously (10). The hydrogen reduction of Sic14 was used 
as the transport reaction and gold as the liquid-form- 
ing impurity. The following experimental parameters 
were used in this investigation. The mean temperature 
of crystal growth was 1000T. Temperature changes 
which were introduced intentionally will be discussed 
in the appropriate sections. A temperature gradient 
smaller than 3"C/cm was used for the isothermal 
growth experiments. The gradient was increased to 
over 4O0C/cm for nonisothermal growth. In some 
experiments, the gradient was further increased by 
focussing a high power heat source on the sides of the 
growing crystals. A total hydrogen flow of 300 cc/min 
was used with a SiCl4-to-hydrogen mole ratio of 0.02. 
Preliminary experiments indicated that controlled 
doping during VLS growth can yield important in- 
formation about the growth mechanism. It was found 
that the dopant, introduced in gaseous form, also 
preferentially enters the liquid alloy droplet at the 
tip of the growing crystal. Doping therefore results 
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Fig. 1. Etched section of a [I 11 ] silicon crystal doped with 
phosphorus during isothermal growth. Magnification approximately 
50X. 

in clearly identifiable impurity striations which are 
parallel to the solid-liquid (SL) interface. These in- 
terface markers, introduced at given time intervals, 
permit a careful evaluation of interface transitions 
during branching and kinking. Ten cc/min hydrogen 
with a mole ratio of 0.0004 PC13 was used for the doping 
experiment. The duration of doping varied from 10 to 
30 sec. Doped silicon crystals were sectioned parallel 
to the growth direction and etched with Sirtl (14) 
etch for about 1 to 4 min. The maximum diameter of 
all crystals shown in this paper is about 250-300~. The 
measured rate of VLS growth was about 1 mm/hr. A 
high-temperature microscope1 in conjunction with a 
movie camera was used to record the growth of indi- 
vidual crystals by time-lapse photography (13). X-ray 
topographs by the Lang (15) technique were taken on 
some samples using silver radiation. 

l s o t h e m l  VLS growth.-The majority of silicon 
crystals prepared by the VLS technique, under iso- 
thermal conditions, grew in a [ I l l ]  direction. I t  has 
been proposed (8) that this particular growth direction 
arises because the solid-liquid interface is a single 
(111) plane. It has been shown (12) that the interface 
can be very stable during VLS growth; the stabilizing 
factor is very likely the interface kinetics. To confirm 
this point, a number of silicon crystals were doped 
with phosphorus during isothermal growth. The crys- 
tals were subsequently sectioned on a plane parallel 
to the growth direction and etched as shown in Fig. 1. 
The pronounced bands indicate the introduction of 
dopant during growth, whereas the fine bands are pro- 
duced by fluctuations in growth rate (12). The figure 
clearly shows that the solid-liquid interface remains 
stable, parallel to a (111) plane during isothermal 
VLS growth. It must be concluded that layer growth 
occurs on this interface; the alloy droplet advances 
therefore perpendicular to this face in a [ I l l ]  di- 
rection. 

It has been reported (12) that the shape of the solid- 
liquid interface of a 11111 crystal is not circular but 
triangular with rounded corners. Microscopic observa- 
tion shows that the solid-liquid contact angle along 
the meniscus of the droplet is nonuniform during 
growth, being slightly larger at  the rounded carriers. 
However, such a contact angle configuration, having 
threefold symmetry, stabilizes the liquid droplet on ~ i ~ .  
the growing crystal. The effect of gravity on the con- phorpl 

tact angle was found to be negligible. Crystals with 
diameters ranging from 50 to about 300a were grown 
in the usual way, vertically upward. Subsequently, the 
whole growth apparatus was rotated 90°, and the VLS 
growth continued in a horizontal direction to about 1 
cm length. The crystals were afterwards examined in 
an optical goniometer and found to be straight. Sim- 
ilarly, x-ray reflections obtained with a Weissenberg 
goniometer showed that the crystals were straight and 
grew in a [ I l l ]  direction. It is evident, however, that 
any force which is strong enough to change the sym- 
metry of the solid-liquid contact angle configuration 
can influence the direction of growth. Although layer 
growth still occurs on a (111) plane under isothermal 
conditions, the resultant growth direction will be con- 
trolled by the liquid contact angles. 

A suitable combination of interface morphology and 
liquid contact angle can give rise to growth directions 
other than [Ill]. For example, silicon crystals can be 
grown in a [1101 direction as shown in Fig. 2. The dop- 
ing striations show that the interface consists of two 
(111) planes forming a ridge configuration. If the 
crystals are grown at  about 1050°C, the prismatic 
side faces are four {I l l )  planes which are parallel to 
the [I101 growth direction. This configuration leads to 
a twofold symmetry of the contact angles, stabilizing 
the droplet on the growing crystals. VLS-grown ger- 
manium whiskers are frequently observed with the 
same [I101 morphology. In addition, germanium crys- 
tals also grow in the [loo] direction (16). In this case, 
the solid-liquid interface is formed by four (111) 
planes in the shape of a pyramid. Another morphology 
has been observed both for germanium and silicon, 
a twinned crystal growing in a [211] direction. The 
shape of the interface of these crystals is similar to 
that one of crystals with a [I101 growth direction. 
However, the angle between the two {I l l )  planes is 
141.08" for twinned [2111 crystals and 109.48" for 
[I101 crystals, respectively. It can be said in conclu- 
sion that the solid-liquid interface is not necessarily 
perpendicular to the direction of growth. The inter- 
face morphology determines the direction of growth, 
and unidirectional growth is only possible for a stable 
contact angle configuration. I t  will be shown in the 

2. Etched section of a [I101 silicon crystal doped with 
lorus during isothermal growth. Magnification a~proximotely 

1 American Optical long working dlstance microscope. 1 WX. 
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following section that a change in interface morphol- 
ogy during VLS growth invariably results in a change 
in growth direction. 

Nonisothermal growth.-A model for branching and 
kinking during nonisothermal VLS growth has been 
proposed in a previous paper (11) .  The model is 
based on the assumption that a lateral temperature 
gradient can change the morphology of the SL-inter- 
face and thereby change the direction of crystal 
growth. The experimental verification of the proposed 
mechanism will be discussed in this section. The tem- 
perature conditions during VLS growth were changed 
from isothermal to nonisothermal. Time-lapse pho- 
tography was used to obtain a permanent record of 
the growth sequence. The crystals were doped with 
phosphorus before, during, and after completion of the 
kinking process. Subsequently, the samples were sec- 
tioned, polished, and etched on a plane which is co- 
planar with the axial directions of the kinked crystal. 
A typical example of such an experiment is shown in 
Fig. 3 for a [111] to [ f i l l  kink. In this case the kink- 
ing was caused by exposing the right side of the grow- 
ing crystal to a higher temperature than the left side. 

The value of using controlled doping to study suc- 
cessive interface positions is evident. During isothermal 
conditions, the crystal grew perpendicular to the (111) 
plane, as discussed previously. However, the introduc- 
tion of a lateral temperature gradient caused a change 
in interface morphology. The ( i l l )  plane was partly 
exposed in addition to the original interface. The 

Fig. 4. Etched section of a [ I  111 to [ i i l l  kink. 
approximately 275X. 

Magnification 

growth rate perpendicular to thenewly formed inter- 
face is slower than on the (111) plane because it is in 
a region of higher temperature. The new interface 
grew in area at the expense of the old one until 
finally the (111) interface has disappeared. The liquid 
drop15 shifts during this process from the (111) to 
the (111) interface. Further VLS growth proceeds 
in the [111] direction. Figure 4 shows an enlargement 
of a (111) to (111) kink. Note that neither the (111) 
nor the ( 1 1 )  interface planes deviate from planarity 
during the kinking process. The macroscopic growth 
direction gradually changes from [ I l l ]  to [ill] re- 
sulting in the growth of a curved crystal. Figure 5 

Fig. 5. Etched section of a [I101 to [ I  1 1  ] kink. Magnification 
approximately SOX. 

shows a section of a crystal with a [Oil] to [ I l l ]  kink. 
The [Oil] section of the crystal grew with an inter- 
face consisting of (111) and (111) planes. Again the 
SL interface changes in compliance with the proposed 
model. This sample was grown at a temperature of 
about 1050°C. The vapor-solid deposition rate becomes 
noticeable at this temperature (9, 12). This deposit 
surrounds the crystal grown by VLS. At even higher 
temperatures, the concave side of the kink becomes 
a preferred site for vapor-solid (VS) epitaxy. The 
true, original shape of the kink will be drastically al- 
tered by this deposit. 

A small lateral temperature gradient may cause a 
gradual change in interface morphology. The growth 
direction will vary over a considerable length of the 
crystal, resulting in the growth of a curved whisker. 
Such events have been observed in a few cases. Figure 
6 shows a ~ h o t o e r a ~ h  of a crystal curved during VLS 

Fig. 3. Etched section of a [ I l l ]  to [ l l l ]  kinked silicon growth.  he li iuii  droplet -is not supported-by a 
crystal doped with phosphorus. Magnification approximately 100X. single (111) interface, but rather extends downwards 
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the substrate into the crystal. All dislocations ap- 
parently grew out of the crystal at  the lower section. 
The remainder of the sample, including the kink, is 

Fig. 6. Curved silicon crystal photographed during nonisothermal 
growth. Magnification approximately 50X. 

dislocation-free. Note the occurrence of "pendello- 
sung" fringes both in the [I101 and [lli] sections of 
the crystal. The shapes of the fringes in the two sec- 
tions are different because the cross section of the 
crystal is not the same in the two regions. The cross 
section is diamond-shaped in the [I101 region and 
hexagonal in the [Ill] part. The occurrence of pendel- 
losung fringes in the kink provides additional evidence 
that defects are not involved in the kinking mech- 
anism. 

It is evident from Fig. 4 that the area of the SL 
interface changes during the kinking process. The 
area first increases and finally returns to its original 
value after completion of kinking. The change in in- 
terfacial area imposes a constraint on the contact angle 
of the liquid alloy droplet. The constraint frequently 
causes rupture of the droplet, thereby giving rise to 
the formation of branch crystals as shown in Fig. 8. 
The time-lapse sequence, taken at constant magnifica- 
tion, illustrates four different stages during and after 
the kinking sequence. The crystal was grown on a 
(111) substrate at about 1050". The plane of the 
photograph is approximately (110). Figure 8a shows 
the trace of the SL interface and the droplet configura- 
tion during kinking at a time when the interfacial area 
is at a maximum. The kinking sequence is almost com- 
pleted in Fig. 8b. The new (111) interface has increased 
considerably at the expense of the old interface. A 
small dro~let. indicated bv the arrow. has broken 
away from the main droGlet during the transition. 

at the left side of the growing crystal. a VS Figure 8c shows the interface and droplet configuration 
deposit will obscure the shape of curved crystals. At after completion of kinking. The small droplet gave 
high temperatures, the deposit ultimately will tend rise to the growth of a branch crystal with a [I111 
to "straighten" such curved sections, by increasing growth direction. A later sequence of growth is shown 
the diameter of the crystal. in Fig. 8d. The effect of VS epitaxy in changing the 

Kinking under the influence of a temperature gra- 
dient was observed for over 100 crystals. About 20 
crystals were examined for the ~resence of crystalline 
defects in the kink region. Lang topographs were taken 
and sectioned crystals were etched as shown in Fig. 3 
and 5. The majority of the samples did not contain any 
observable defects in the kink region. A few speci- 
mens contained islands of Au-Si entrapments which 
are known to give rise to the generation of defects 
(12). It must be concluded that crystalline defects, 
such as dislocations, are not essential for the reported 
kinking process. Entrapment of 'liquid alloy may occur 
during kinking with subsequent formation of defects 
during cooling. 

Figure 7 shows a Lang topograph of a [I101 to [llil 
kink. The crystal was grown on an imperfect (111) 
substrate. Some dislocations continued to grow from 

Fia. 8. Time-Ia~se seauence of branching and kinking caused . . 
Fig. 7. (111) X-ray topograph of a [I101 to [lli] kinked rili- by . lateral temperature gradient. ~agnification approximately 

con crystal. Magnification approximately 70X. 120X. 
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external morphology can be seen at the base region 
of the small branch crystal by comparison of Fig. 8c 
and Fig. 8d. Some samples in which branching oc- 
curred during the kinking process were examined for 
perfection, both by x-ray topograph and etching. In 
most cases the branch and kink were found to be 
dislocation-free. 

Generally, it is rather difficult to control the forma- 
tion of a desired kink configuration under the influ- 
ence of a lateral temperature gradient. Kinking can 
be initiated readily; however, there is little control 
over the shape of the liquid droplet during the transi- 
tion process. The orientation of the growing crystal 
with respect to the isotherm is an important factor, 
as is evident from Fie. 3. The  referred orientation as 
indicated in the figure, is that which only one plane, 
for example the ( i l l )  plane, is parallel to the iso- 
therm. If the interface transition occurs by exposing 
two or even three new {I l l )  planes, the droplet in- 
variably ruptures and multiple kinking ("antler" 
growth) will result. A slow VLS growth rate and a 
small temperature gradient help to prevent a rapid 
interface transition which also can cause a rupture 
of the liquid droplet. 

Sudden increase in temperature.-It has been shown 
(10) that the volume of the liquid droplet during 
VLS growth depends on the deposition temperature. 
This dependency arises from the liquidus phase rela- 
t ionshi~ of the  articular allov svstem. This feature 
has be& used t d  change the diameter of silicon crys- Fig. 9. Time-lapse sequence of kinking ond branching caused 
tals during VLS growth by proper changes of the dep- by a sudden increase in temperature. Magnification approximately 
osition temperature. It has been noted that such changes 13X. 
must be made nraduallv in order to avoid instabilitv of 
the liquid droplet. A &den increase in temperatureifor 
example, from 1000" to 1100°C in 10 sec, will usually 
cause instability. The volume of the droplet will in- 
crease by about 13% for such a temperature change. 
The amount of silicon which is required to satisfy the 
new phase equilibrium cannot be supplied rapidly 
enough from the vapor-phase reaction. As a result, 
the necessary amount will be dissolved from the VLS 
crystal. The SL interfacial area, however, remains 
that for the 1000°C growth condition. As a conse- 
quence, the liquid will bulge over the side of the 
crystal. It will eventually wet the side faces in order 
to increase the interfacial area and to satisfy a stable 
contact angle configuration. The individual droplets 
will cause formation of branch crystals or kinks as 
VLS growth continues. A typical example of this proc- 
ess is shown in the time-lapse sequence in Fig. 9. 
Two crystals were initially grown at  1000TC, then 
the temperature was rapidly raised to about 1100°C. 
Figure 9a shows the droplet configuration during the 
rise in temperature. The solid-liquid contact angle 
which is sliehtlv lareer than 90" under eauilibrium 
conditions has ioticeibly increased. In Fig. '9b, taken 
at maximum temperature, the droplet has increased its 
contact area by wetting the side faces of the crystal. 
Subsequently, the temperature was reduced to about 
1000°C. The next two photographs show the resulting 
erowth ~ O T D ~ O ~ O E V  at different times. The liquid broke 
Gp into smailer G p l e t s  giving rise to branih growth. 
Numerous ex~eriments of the kind described in Fig. 
9 were ~erfoimed.  I t  was that the only im- Fig. 10. Etched section of o silicon crystal kinked by a sudden 
portant factor is a sufficiently large, rapid increase in increase in temperature, doped with phosphorus. Magnification ap- 
temperature. The temperature does not have to be proximately IOOX. 
returned to its starting value. A large decrease in tem- 
perature after the instability has occurred must be 
avoided because this may lead to nucleation of silicon 
crystals in the droplets, resulting in uncontrolled 
growth (10). The droplet configuration during the 
rise in temperature was observed visually in some ex- 
periments. This provides some control over the re- 
sulting droplet configuration. Figure 10 is an etched 
(011) section of a crystal which was kinked by a con- 
trolled increase in temperature. Doping was used to 

mark the position of the SL interface during the 
growth experiment. Before raising the temperature, 
the droplet was on top of the [111] crystal which had 
grown under isothermal condition. The temperature 
was carefully increased until the droplet was clinging 
to the side of the crystal near its tip. The doping stria- 
tions show that a new SL interface configuration was 
established. The crystal first grew in approximately a 
[0111 direction and gradually changed to the stable 
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Fig. l l ( a ) .  Photograph of a branched crystal with alloy tips re- (a) (b )  (c) 
moved by etching. Fig. 11 (b). (111) X-my topograph showing Au- Fig. Time-lapw of branching cauled by 
Si entrapment. Magnification approximately 35X. decrease in temperature. Magnification approximately 35X. 

fill] direction. No dislocation etch pits could be 
found on this sample. Six crystals which branched or 
kinked by the discussed procedure were examined by 
x-ray topography. Entrapments of Au-Si alloy were 
found in four samples. Such a topograph and the ac- 
tual sample are shown in Fig. 11. The hemispherical 
tips, composed of Au-Si alloy were removed from the 
crystals by etching. A significant aspect is that the 
crystallography of the branch and kink crystals is the 
same as that of the main crystal. Some of the fine crys- 
tals which can be seen on the actual sample could not 
be reproduced properly from the x-ray topograph. An 
island of Au-Si eutectic is indicated by an arrow. As 
usual, the inclusion gives rise to formation of defects 
(12). 

Sudden decrease in temperature.-This mechanism 
is basically similar to the one discussed in the previous 
section. The volume of the liquid droplet decreases if 
the temperature is lowered during VLS growth. The 
excess of silicon freezes out of solution, by normal al- 
loy regrowth, in order to establish the equilibrium 
composition. The solid-liquid contact angle, however, 
remains essentially constant during the change in 
temperature. This implies that a reduction in SL 
interfacial area is required to satisfy the same contact 
angle configuration. Therefore, a sudden decrease in 
temperature causes a sudden increase in growth rate 
because of alloy regrowth and a reduction of the di- 
ameter of the growing crystal. Small droplets fre- 
quently separate from the meniscus region of the drop- 
let during the transition in volume. These droplets 
then give rise to formation of branches during subse- 
quent VLS growth. The growth of branch crystals by 
this process is illustrated by the time-lapse sequence 
in Fig. 12. The crystal is shown in Fig. 12a during 
growth at about 1050'C. The temperature was subse- 
quently decreased by 100°C in about 30 sec. Three 
small droplets were "pinched off" the main droplet 
during the transition, Fig. 12b. The last figure shows 
the crystal after continued VLS growth. The three 
branches grew in the same <I l l>  direction, although 
inclined to the [ I l l ]  direction of the main crystal. 

It has been found in many experiments that this 
process of branch formation can be initiated easily by 
a sudden drop in deposition temperature. However, 
there is little control over the number of branches 
formed. The change in temperature must be rapid 
enough to cause separation of small droplets from the 
main body of the liquid alloy. A gradual decrease in 
tem~erature onlv causes a reduction in diameter of the 

icon crystals in the liquid alloy. Such a large reduc- 
tion may lead to uncontrolled VLS growth as shown 
iri another paper (10). 

The most common direction of the side branches is 
<Ill>. The <110> direction has been observed in a 
few cases. The diameters of the branches are usually 
small compared to the diameter of the main crystal. 
X-ray topography and etching studies indicate that 
the majority of the crystals are dislocation-free. 

Codeposition of liquid-forming impurities.-The most 
likely process of branch and kink formation during 
vapor phase growth is due to codeposition of im- 
purities. Impurities which satisfy the criteria for VLS 
growth may condense on an already grown whisker 
crystal. The transport can occur by a chemical reac- 
tion, for example, by disproportionation, or simply by 
an evaporation and condensation process. Such an im- 
purity transport frequently has been observed during 
whisker growth of silicon or germanium using either 
a closed or a dynamic system. Each alloy droplet 
formed by this means may give rise to VLS growth of 
a branch crystal. The original crystal serves as sub- 
strate material. It should be emphasized that only 
extremely small amounts of impurities are required 
for this process. For example, a gold-silicon alloy drop- 
let of about 100A diameter can result in the growth of 
a silicon whisker a few millimeters long. The final 
morphology will be altered drastically in most cases 
because of VS deposition during and after VLS 
growth. 

Many branched and kinked whisker crystals of sili- 
con and of germanium were grown using codeposition 
of impurities. The experimental conditions for the 
growth of silicon whiskers have been described pre- 
viously (2). Similar conditions were used for ger- 
manium (16). The formation of branch crystals is ini- 
tiated by a sudden increase in supersaturation of liq- 
uid forming impurities in the growth zone, during 
or after completion of VLS growth. Numerous new 
alloy droplets will form and branch growth occurs. 
The resulting growth morphologies are similar to those 
in Fig. 3 and Fig. 8 in ref. (2).  It is obvious that this 
process may not be used for controlled growth of 
branched and kinked crystals. 

The mechanism discussed involving the codeposition 
of impurities probably is the most common cause of 
unccntrolled VLS growth. It should be noted that care- 
ful experimentation with codeposition of impurities 
originally lead to the discovery of the VLS mechanism 
rn\ 

growing crystai The deposition temperature can be 
gradually raised after completion of branching. How- Summary 
ever, a sudden large reduction in temperature must be The growth direction of silicon crystals prepared 
avoided because this may result in nucleation of sil- by the VLS technique is determined by both the shape 
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of the solid-liquid interface and the contact angle 
configuration of the alloy droplet. Unidirectional 
growth can occur only if these two parameters are 
kept constant during growth. A necessary condition 
for unidirectional growth is therefore an isothermal 
environment. Most crystals grown under this condi- 
tion grow with a single {Ill) interface in a <Ill> 
direction. However, the macroscopic growth direction 
is not necessarily perpendicular to the growth inter- 
face. Specific interface configurations have been found 
where the interface consists of more than one {Ill) 
plane of equal area. These interfaces also form a stable 
contact angle configuration of the alloy droplet. The 
resulting growth direction is the vector sum of the 
individual interface growth directions. 

A sufficiently large lateral temperature gradient 
changes the equilibrium interface, which invariably 
leads to a change in growth direction. A new stable 
interface will be formed during growth which is as 
parallel as possible to the isotherm. While a curved 
crystal is grown during the interface transition, sub- 
sequent growth is again unidirectional. Branches are 
formed if the alloy droplet ruptures during the kinking 
sequence. The likelihood of kinking for a given lateral 
gradient depends on the diameter of the growing crys- 
tal. It is the absolute temperature difference across the 
interface that causes interface transition. 

Either a sudden increase or decrease in deposition 
temperature may introduce instability of the alloy 
droplet. A sudden rise in temperature causes an un- 
stable contact angle configuration. The droplet may 
wet the side faces of the crystal to increase the inter- 
facial area. The new droplet configuration results in 
formation of branches and or kinks. Similarly, a sud- 
den decrease in temperature may cause pinching off 
of small droplets from the main droplet. These two 
processes of branching and kinking are more or less 
independent of the diameter of the growing crystal. 

The most common cause of uncontrolled VLS growth 
of silicon or germanium was found to be the result of 
codeposition of liquid-forming impurities. The im- 
purities can be transported to the reaction zone by a 
chemical reaction or by evaporation. Branches are 
formed when liquid-forming impurities condense on 
an already grown whisker crystal. 

This investigation modifies the usual definition of 
a branch or kink. The terminology is unambiguous 
for a single kink, where the liquid droplet did not rup- 
ture during the interface transition. It is suggested 

that the growth direction which is associated with 
the main body of the liquid be used as the criterion. If 
this direction changes during growth, then the crystal 
is kinked. This is true even if small branch crystals 
continue to grow in the original growth direction. If 
the main growth direction remains constant, then any 
side crystal formed by small droplets is defined as 
a branch. 

In conclusion it is emphasized that the proposed 
mechanism of unidirectional growth, branching, and 
kinking is strictly applicable only to whisker crystals 
grown by the VLS process. 
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Diffusion Masking of Silicon Nitride and 
Silicon Oxynitride Films on Si 

F. K. Heumann* and D. M. Brown 

General Electric Research and Development Center, Schenectady, New York 

and E. Mets* 

General Electric Semiconductor Products Department, Auburn, New York 

ABSTRACT 

A qualitative study of the masking properties of thin (41500A) silicon 
nitride and silicon oxynitride films on Si is presented. A range of diffusion 
conditions was studied for doping sources including B, P, Ga, and As. Silicon 
nitride was not found to be a diffusion mask for all conditions. Conditions 
under which it can be expected to mask are specified. 

The work of Hu (1) and Do0 (2) on the diffusion universal diffusion mask, since no masking failures 
masking of silicon nitride films on Si showed that very were encountered in their shallow junction diffusion 
thin layers (g1200A) of nitride would mask against studies. The studies repotted here using B, P, As, and 
B, P, As, and Ga, and might even be utilized as a Ga diffusion sources were carried out over a wide 

Electrochemical Society Active Member. range of conditions, and although the results do in- 
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deed indicate that thin (G1500A) nitride and oxyni- extremely dependent on the chemical nature of the 
tride films will mask for a certain set of diffusion con- diffusion conditions. For instance, Thomas et al. (4) 
ditions, it becomes clear that silicon nitride cannot have shown that very thin oxide films are excellent 
be utilized as a universal diffusion mask. Various types diffusion masks against B diffusion if the diffusions 
of masking failures occur for temperatures and times are carried out under nonglass-forming conditions. 
required for deep junction diffusions. Boron.-Amorphous silicon nitride films of thick- 

nesses greater than 600A are excellent masks for 
Experimental Techniques 

Chemically etched 1 ohm-cm Si wafers were coated 
with nitride or oxynitride films by the pyrolysis of 
silane and ammonia or silane, ammonia, and nitric 
oxide at  1000°C. The volumetric gas ratios used to 
form these films were: ammonia/silane = 40,000/1 
for nitride films and ammonia/silane/nitric oxide = 
40,000/1/500 for oxynitride films. No carrier gases 
were used in either case. Studies of these particular 
glassy amorphous oxynitride films indicate an equiv- 
alent SiOz composition of about 20% (3) .  The thick- 
ness of these films was varied between about 200 and 
2000A with a thickness variation over the inner 3/4 
area of each 2.5 cm diameter wafer of only -c 3%. 
In some cases, the diffusion studies were carried out 
using two types of dopant sources: a semisealed 
quartz box diffusion using dry N2 ambient and a glass 
source containing the dopant element to be studied 
(phosphosilicate glass or borosilicate glass) and a 
sealed tube or capsule containing the dopant material 
(As, P, Ga, B) which after loading, was degassed, 
evacuated, and back-filled with argon. The results 
were determined by the following procedure: the 
nitride film was removed using HF and a thermoelec- 
tric probe and surface resistivity measurements were 
used to indicate whether there was any detectable 
masking failure, and masked and unmasked portions 
of the wafer were angle lapped and stained to give 
junction penetration depths into the Si. 

temperatures up to 1250°C for at  least 10 hr if the 
sealed tube system is used. In these cases, the films 
after diffusion etched at the normal rate of 150A/min 
in concentrated 48% HF; however, 1200°C diffusions 
for 30 hr resulted in films that would not dissolve in 
HF even though the films still masked against boron. 
X-ray diffraction indicated that the films were still 
amorphous so the original films had not yet converted 
to the more dense crystalline form. This phenomenon 
is not understood; perhaps an insoluble B-Si -N  com- 
pound was formed. Silicon oxynitride films also ap- 
pear to be suitable B diffusion masks; however, the 
thickness required for masking is somewhat greater 
than that for pure nitride. For instance, 500A of oxy- 
nitride is not thick enough to mask boron for 4 hr at 
1100°C; lOOOA sufices, however. 

In the case of the borosilicate glass box system, it 
was found that at  1100°C nitride films of 500A or more 
mask for at  least 5 hr and dissolved at  the normal etch 
rate. However, at 1200TC, the films failed as diffu- 
sion masks and dissolved at  about 40 times the normal 
etch rate. This phenomenon is also not understood, but 
it suggests that borosilicate-nitride glass can be 
formed under certain diffusion conditions. 

Phosphorus.-The results in Table I show that a 
15008, thick film of pyrolytic silicon nitride will mask 
against elemental phosphorus during a sealed tube 
diffusion at. 1100'C for times up to 10 hr. For 4 hr  at  
120O0C, 1500A is apparently not thick enough, how- 
ever. Experiments with these particular silicon oxy- 
nitride films indicate that 1500A will mask phos- 

Results phorus for 4 hr at 1100°C; thinner films do not mask. 
A general summary of the results of the diffusion Silicon nitride films do not mask, however, when 

experiments using films of 2000.4 or less are shown used in box diffusions where the source is vitrified 
in Table I. In some cases, dry thermal oxides were phosphorous glass. In this case, the films become coated 
used as control samples. In these instances no mask- with phosphorus pentoxide or a phosphorous glass 
ing was evident. It must be pointed out, however, during the diffusion experiments and apparently rap- 
that the masking ability of oxides (and nitrides) are idly convert to some kind of SiaN4-Pz05 glass as 

Table I .  Si.O,N, diffusion masking 

Masked Unmasked 
Diffusion Typeof Thickness Temp Time junct. junct. 

Dopant system Alm (A) ('C) (hr) Masked depth, &' depth, f i  Comments 

Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Box 
Box 

Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Sealed Tube 
Box 

NO 
Yes 
Yes 
Yes 
Yes 
NO 
NO 
Yes 
Yes 
NO 

Yes 
NO 
Yes 
Yes 
NO 
NO 
Yes 
NO 

Oxide control 

Film conversion 

Spiking faflure 

Film conversion 

Film conversion 

Ga Sealed Tube SiOs 2000 1100 4 No 8 + 6 - Oxide control 
Ga Sealed Tube S W I  1000 1100 4 Yes 
Ga Sealed Tube SL0,N. 61000 1100 4 No 3.4 8 - Ga Sealed Tube SixOvN. 1500 1100 4 Yes 8 
Ga Sealed Tube SisNI 300 1185 15 No 10 18 
Ga Sealed Tube SisN, 1200 1185 15 Yes Spikes - Localized spiking 
Ga Sealed Tube S W *  1500 1200 4 Yes Spikes 14 Localized spklng 

As Sealed Tube SiaW 1500 1100 4 Yes - 0.8 
SLOYN. 1500 1100 4 Yes - 0.8 As Sealed Tube 

As Sealed Tube S W I  1000 1150 6 Yes - 1.8 
As Sealed Tube SirN, 1500 1150 6 Yes Spikes 1.8 Films cracked 
As Sealed Tube Si,O,N. LlOOO 1150 6 
As Sealed Tube SirNI 

Yes Spikes 1.8 Films cracked 
1500 1200 20 NO 6 11 

Where mask failure is noted but no masked junction depth is given, masking failure was determined by using a thermoelectric probe. 
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evidenced by the very rapid etch rate in concentrated 
HF. The results of a number of box diffusions indicate 
that Pz05 or Pz05 glass cannot be used as a diffusion 
source when thin SiaN4 films are used because of the 
formation of a glass which promotes mask failure. 
Similar results have been observed by Chu et al. (5) 
using a phosphorus oxytrichloride source. 

Gallium.-2000.4 of thermally grown SiOz does not 
mask Ga. However, lOOOA of Si3N4 completely masks 
Ga at 1100" for 4 hr. This is also true of the silicon 
oxynitride film if it is 1500A thick. The masking ability 
of the nitride is questionable above 1100°C. For in- 
stance, 300A is not a satisfactory barrier at 1185°C 
for 15 hr; and as the thickness of the film is increased, 
cracking of the film occurs at these times and tem- 
peratures. Evidence for this problem are the diffusion 
spikes which occur at  localized spots under the film. 
In one case, the film did not completely etch off in 
concentrated HF even after many hours. In this in- 
stance, a number of rod-shaped purple crystals were 
observed and identified as uSi3N4. Apparently the 
amorphous nitride was partially converted to the 
more dense crystalline form by the high temperature. 
This conversion may be catalyzed by gallium. Thus, 
we see that Si3N4 and silicon oxynitride can mask 
against Ga if the diffusion temperatures are not too 
high. However, at high temperatures, diffusion spikes 
appear which are probably caused by the cracking 
that occurs when the nitride films transform into the 
crystalline phase; thinner films do not crack, but do 
not mask either. 

Arsenic.-As shown in Table I, 1500A of silicon 
nitride and oxynitride mask at 1100°C for 4 hr; how- 
ever, the diffusion depth into the unmasked Si is only 
0.6,~. On the other hand, sealed tube diffusions at 
1200°C for 20 hr showed that 150011 of Si3N4 is not 
thick enough. Experiments at  1150°C showed that 
lOOOA masks for 6 hr; however, thicker films or oxy- 
nitride films cracked and allowed the As to penetrate 
these imperfections. When cracking occurred, it also 
crazed the Si surface. 

Summary 
A range of diffusion conditions using thin silicon 

nitride and silicon oxynitride films as a diffusion bar- 
rier against B, P, Ga, and As indicates that thin 
layers of nitrides are suitable diffusion masks for B 
if sealed tube diffusions are performed. For example, 
lOOOA of pure nitride will mask for at least 10 hr at  
1250°C. In fact, no masking failure was ever found 
for these sealed tube diffusions if the film thickness 

was at least IOWA. However, high temperatures and 
borosilicate glass sources can result in masking failure 
which may be caused by a film conversion to a boro- 
silicate-nitride glass phase. This behavior is also gen- 
erally true for phosphorus diffusions; however, in addi- 
tion, masking failures at high temperatures in the ele- 
mental phosphorus sealed tube diffusions did occur. 
High temperature masking failure for thin films also 
occurs for sealed tube As diffusions. In the case of Ga, 
nitrides are much better diffusion masks than oxides, 
which do not deter this diffusant species at  all. How- 
ever, here again the nitride has a limited application. 
Although it masks at low diffusion temperatures, high 
temperature Ga diffusion experiments seem to indicate 
that the films of thicknesses required for complete 
masking crack as they change from an amorphous to 
crystalline phase. 

Generally speaking, thin nitride and oxynitride films 
(thicknesses G1500A) can be used as diffusion masks 
for the times and temperatures suitable for shallow 
( G  9 , ~ )  junctions if the proper diffusant sources are 
used. In these instances, our results generally agree 
with those of Hu and Doo. Thin film nitride masking 
and much deeper Si junction depths (30,~) can be 
attained by using higher temperatures if boron is the 
diffusant and a sealed tube system is used. Masking 
of P, As, and Ga and deeper junctions might be 
obtained by using much thicker films and longer dif- 
fusion times, provided of course that the diffusion 
conditions are such that no catastrophic masking fail- 
ure (film conversion, cracking) occurs. 
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Silicon Oxide As An Etching Mask for Silicon Nitride 
N. C. Tombs1 and F. A. Sewell, Jr. 

Sperry Rand Research Center, Sudbury, Massachusetts 

The use of silicon nitride (1,2) as a diffusion mask and adequate definitions and steep etching angles when 
passivation layer in semiconductor devices involves using conventional photoresist techniques with hydro- 
the etching of defined areas in the nitride. The rela- fluoric acid etches. Van Gelder and Hauser (3,4) have 
tively low etch rate of silicon nitride, compared with described the use of hot phosphoric acid (&POa) as 
silicon oxide, can lead to problems in the securing of an etch for silicon nitride, in conjunction with a pyro- 

1 Present address: NASA, Electronics Research Center, Cambridge, litically deposited layer Of Oxide as a mask 
Massachusetts. against the phosphoric acid. Patterns were etched in 
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Fig. 1. Test pattern etched through lSWA thick silicon nitride 
film using phosphoric acid with silicon oxide mask. 

the silicon oxide overlayer using photoresist and hy- 
drofluoric acid etch. 

We have successfully utilized an analogous tech- 
nique, in which the layer of silicon oxide was formed 
by thermal oxidation of the surface of the silicon 
nitride. The silicon nitride layer was pyrolytically de- 
posited on a 10-mil silicon substrate to a thickness of 
2500A. The sample was then heated for 8 hr at 1200°C 
in oxygen. A surface layer of silicon oxide was thereby 
formed. Infrared absorption measurements revealed 
the presence of this oxide by an absorption maximum 
at 9.2~. The height of the nitride absorption maximum 
at -llr was correspondingly decreased, although its 
wavelength remained unchanged. A test pattern was 
etched in the oxide layer using the photoresist-buffered 
HF method. The phosphoric acid etch was prepared 
by heating 85% HsP04 to 190°C in an open beaker for 
2 hr and cooling to 180"-185°C. The sample was im- 
mersed in the etch for 10-min periods. After each 
period it was removed, washed in water, and observed 

under the microscope. The interference colors given 
by the window (nitride) and mask (nitride plus ox- 
ide) regions at the different stages are shown below, 
together with the approximate thickness indicated by 
the colors. The nitride: oxide etch rate ratio was - 5: 1. 

Etch time Nitride (Nitride + Oxide) 
min color A color A 

0 gold 2000 violet 2500 
10 dark blue 1000 orange-red 2300 
20 colorless <400 orange 2100 
30 colorless 0 blue 1500 

A test pattern including lines of width lr was used 
to determine the possibility of etching windows of 
this width in the nitride. Figure 1 is a photomicrograph 
of the result obtained in a final nitride thickness of 
-1500A. Measurements of the width of the windows 
were made using a filar eyepiece with movable cross- 
hair, calibrated against a stage micrometer. The results 
confirmed that the width was close to lp, although 
the resolution limits make it difficult to give a precise 
figure.. The ultimate limitation in the technique would 
appear to be the photoresist stage for defining and 
etching the pattern in the oxide. Advantage can be 
taken of the fact that the oxide layer (- 500A) is 
much thinner than the layers normally required for 
diffusion masking and surface ~assivation. The ~hoto-  
resist layer likewise can be made thinner, and the 
pattern deflnition is thereby improved. 

Practical advantages of the technique described in- 
clude the excellent adherence between the oxide and 
nitride layers, and the avoidance of porosity or other 
imperfections in the oxide which might interfere with 
its effectiveness as an etching mask. 

Manuscript received Sept. 25, 1967. 
Any discussion of this paper will appear in a Dis- 

cussion Section to be published in the December 1968 
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Defect Structure Model for Wustite 
Per Kofstad and A. Zeev Hed 

Metal Science Group, ~olumbus Laboratories, Battelle Memorial Institute, Cvlumbw, Ohio 

Wustite is a metal-deficient oxide (Fel-,O? (1-9). 
Its defect structure is commonly interpreted in terms 
of doubly charged iron ion vacancies (5-9). However, 
as discussed below such a defect structure model does 
not give a satisfactory interpretation of the observed 
behavior, and the purpose of this note is to propose a 
defect structure model which gives a more consistent 
interpretation of the experimental results. 

The nonstoichiometry as a function of temperature 
and oxygen pressure has been studied by several in- 
vestigators (I-4), and the results of the various studies 
are in good agreement. The results of Vallet and Rac- 
cah (3) at 800'-1200°C are shown in Fig. 1. 

When assuming small defect concentrations, a defect 
structure model involving doubly charged iron ion 
vacancies predicts an oxygen pressure dependence of 
y a po21'n with n = 6. As seen in Fig. 1 such a rela- 
tionship only accounts for the oxygen pressure de- 
pendence in the middle of the field, but does not ex- 
plain the observed behavior over the whole homo- 

geneity range. In view of the high defect concentra- 
tions in wustite, it would be highly surprising if such 
a model were applicable; one would rather expect that 
the activities of all atoms and sites involved in the 
defect reaction would have to be taken into account. 

The assumption of divalent vacancies in wustite also 
seems doubtful in terms of charge carrier concentra- 
tions and their distribution on the iron lattice sites. A 
neutral iron vacancy consists of a vacant iron site as- 
sociated with two nearest-neighbor atoms with 
trapped electron holes (trivalent iron atoms). The 
ionization of the vacancy essentially represents the 
transfer of the electron holes away from the neigh- 
borhood of the vacant site. When considering that 
each iron atom on a normal (octahedral) lattice site in 
Fel-,O is surrounded by 12 nearest neighbor iron 
atoms, it follows that the structure can only contain 
about 4% of doubly ionized iron vacancies (8% FeS+ 
ions on octahedral sites). At higher defect concentra- 
tions (y > 0.04), the divalent vacancies will have 
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Fig. 1. Nonstoichiometry in wustite, y in Fet-,O, as a function 
of temperature and partial pressure of oxygen (y cc poZ1ln). EX- 
perimental results after Vallet and Raccah (3). Broken lines show 
calculated values for y if  only singly charged complex defects are 
considered, while solid lines show calculated values when taking 
into account both singly charged and neutral defects. 

Fes+ ions on neighboring sites, and as such they really 
represent singly charged vacancies. 

Neutron diffraction studies have suggested that for 
each vacancy which is formed in Fel-,O, an equal 
number of iron Frenkel defect pairs are formed in the 
metal lattice (9). Each defect may on this basis be 
considered as a complex defect consisting of two iron 
vacancies associated with an interstitial atom (9). Such 
a complex defect also results in the same local struc- 
ture configuration as found in FesO4. 

It is also noteworthy that the heat of formation of 
the defects in Fel-,O is negative, i.e., the deviation 
from stoichiometry at a given oxygen pressure in- 
creases with decreasing temperature. In oxides with 
single, unassociated vacancies the heat of formation 
is commonly positive (lo), and the negative value 
found for Fel-,O thus serves as a further indication 
that defects in this oxide are complex. In UOz+,, 
which also contains complex oxygen defects, the heat 
of formation of the defects is also negative (11). 

From these considerations we conclude that it is 
highly unlikely that the defects are doubly charged 
iron ion vacancies. From the available data it seems 
reasonable to assume that the predominating defects 
consist of the complex species, i.e., two iron ion va- 
cancies associated with an interstitial iron ion 
(vp,FerV~~). Proceeding on this basis, we have con- 
sidered several possible defect structure models, e.g., 
simultaneous presence of simple vacancies and com- 
plex defects, ordering and association of defects, com- 
plex defects only, etc., in order to explain the data. 
In all these alternative models activities or concen- 
trations of all atoms and sites were considered. The 
model which to us was the most consistent and simple 
in principle and which gave the best description of 
the observed behavior is niven in the followinn. 

defects, respectively; Vi represents an interstitial 
(tetrahedral) site available for occupancy by the com- 
plex defect, F e ~ e  is a divalent Fe atom on a normal 
(octahedral) site, F e ~ e  . e +  atom is a Fe atom on an 
octahedral site with one trapped electron hole (a tri- 
valent iron ion), and 00 is an oxygen atom on an 
oxygen lattice site. 

In terms of the law of mass action Eq. [I] and [2] 
may be written 

[FecXl [Ool = KI[VII [ F ~ F ~ I P O ~ " ~  [31 

[Fee'l [Fere . e+l  = KiCFecXI [F~F,] 
= KiKi[VrI [Fe~el~[Ool-' po2'I2 141 

where K1 is the equilibrium constant for the forma- 
tion of neutral complex species, and Ki is the equi- 
librium constant for the first ionization. In terms of 
single defects, K1 is a combined value for the forma- 
tion pf the single defects and their association. The 
electroneutrality conditions require that 

Expressing the concentrations of the defects in molar 
fractions, y is given by 

v = [FecXl + Fell  [61 
As oxygen defects are considered to be negligible, 

[Oo] = 1. However, at the high defect concentrations 
in Fel-,O activities (or corrections for nonstoichiom- 
etry and interactions of defects) for [F~F.] and [Vi] 
have to be considered. In this respect, [F~F,] is not 
equal to unity, but part of Fere sites are occupied 
by electron holes (Fe+s-ions on octahedral sites) and 
part of the F~F,-sites are unoccupied due to the for- 
mation of the complex defects. When making these 
corrections, the concentration or activity of Fepe- 
atoms available for the defect formation is given by 

In considering the activity of [Vr] a correction must 
be made for the fact that part of the sites are oc- 
cupied by the complex defects. In addition, we also 
propose a correction for defect interaction and suggest 
that once a tetrahedral site is occupied by a defect, 
some neighboring sites are blocked for occupancy by 
additional defects (9). Specifically we propose that 
each occupied tetrahedral site blocks the six nearest- 
neighbor tetrahedral sites. The number of tetrahedral 
interstitial sites is twice that of the octahedral (nor- 
mal F~F,)  sites, and on this basis [Vi] is given by 

[Vil = 2 - ( [FeCX I + [Fe,'l) 
-6([FecX1+[Fe,'l)=2-7y [81 

This proposed blocking mechanism accounts for the 
marked decrease in the oxygen pressure dependence 
of y as the FeO/FesO4 phase boundary is approached. 

By combining Eq. [3]- [El, the value of y may be 
expressed as a function of poz but for the sake of 
brevity the complicated relationship is not given. The 
internal consistency of the model is illustrated in 
Fig. 1, where the solid lines represent calculated 
values of y by simultaneous solution of Eq. [31-181 
for values of the equilibrium constants 

It is assumed that the complex defects, ( v F ~ ~ ~ ~ v F , )  KiKl= 1.45 x 10-6 exp ( +64,00O/RT) [9] 
= Fee, may be neutral or singly charged. In writing 
the equations for the formation of these defects, one K1 = 1.9 x 10-10 exp(+81,500/RT) [lo] 
may write the equations for the formation of a single Ki = 7.65 x exp(-17,50O/RT) [ l l ]  
vacancy and a Frenkel defect pair followed by strong 
association between these defects. If the association is The stippled lines represent values when only singly 

charged defects are considered, and the model thus strong, as is assumed in this case, it is in terms of the suggests that the neutral defects become increasingly law of mass action simpler to consider the complex important the lower the temperature. ~h~ model sug- defect as a unit, and the Of these gests an ionization energy of 17.5 kcal/mole or 0.75 defects may then be written (13) ev for the neutral complex defect. 

Fer. + Vi + $ 0 2  = FecX f 00 Additional ordering or association of the complex [I1 defects is not considered in the model. This may take 
Fer, + FecX = Fe,' + Fep, e + [2] place, particularly as one approaches the temperature 

(570°C) at which Fel-,O becomes unstable or in 
FecX and Fe,' are neutral and singly ionized complex specimens which are quenched below the decomposi- 
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tion temperature. However, in terms of the model 
such additional association is suggested to be of sec- 
ondary importance in considerations of over-all defect 
concentrations above 800°C. Only two different states 
(neutral and singly charged) of the defect are con- 
sidered, and this does not seem unlikely in view of 
the fact that the defect concentration only changes 
by a factor of 3 (from 5 to 15%) when going from the 
Fe/FeO to the FeO/FesO4 phase boundaries. 

The electrical conductivity of Fei-,O exhibits the 
same general oxygen pressure dependence as that for 
y at high temperatures (7, 8). This is also to be ex- 
pected in terms of the proposed model at temperatures 
where the singly charged defects predominate. How- 
ever, under conditions where the neutral vacancies 
affect the values of y, the oxygen pressure dependence 
of the electrical conductivity (r a: pozlln), should 
yield somewhat larger values of n than that for the 
deviation from stoichiometry. At the high defect con- 
centrations in Fel-,O the mobility of the charge car- 
riers may also be a function of the defect concentra- 
tion. In addition, there is evidence that grain bound- 
aries affect the semiconducting properties, as poly- 
crystalline Fel-,O exhibits n-conductivity at  the high- 
est defect concentrations, while single crystal oxide 
remains p-conducting under the same conditions (8). 

Kleman (14) has interpreted the results of Vallet 
and Raccah (Fig. 1) in terms of three separate 
"phases" within the Fel-,O domain, but no interpreta- 
tion is given in terms of the defect structure. Care1 
et al., have later briefly described dilatometric (15) 
and x-ray diffraction (16) studies on Fe1-~0,  the re- 
sults of which are interpreted as a confirmation of the 
existence of these three phases. The transformations 
from one phase to another are proposed to reflect sec- 
ond order transitions (15), but no attempt is made to 
give physical interpretations of the transitions. The 
possible existence of these three phases reflecting mi- 
nor changes in the properties is not necessarily at 
variance with the proposed model. If the transitions 
are of the second order, this implies that there is no 
latent heat involved and this, in turn, means that the 
transitions do not significantly affect thermodynamic 
properties such as the partial molar heat of dissocia- 

tion of oxygen (7) or the heat of formation of the 
defects. As such the proposed phases are of but minor 
importance in consideration of the over-all equilibrium 
defect concentrations and have not at  this stage been 
considered in the above model. 
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Luminescence of Dy"' -Activated B -Ga 2 0 3  

William C. Herbert,' Henry 6. Minnier, and Jesse I. Brown2 

Chemical and Metallurgical Division, Sylvania Electric Products, hc. ,  Towanda, Penns~lvania 

Although trivalent dysprosium is a known coactiva- 
tor or sensitizer in luminescent systems ( I ) ,  few phos- 
phors of significance are known in which Dys+ is the 
sole activator ion. Jenkins, McKeag, and Ranby (2) 
have activated various alkaline earth phosphate com- 
pounds, most ,notably CazPzO,, with Dy9+ and made 
special note of their x-ray and cathode-ray-excited 
luminescent decay characteristics. 

In the present note we describe the photolumines- 
cence of Dys+-activated p-GazOs. Although this ma- 
terial is not as efficient as the general class of commer- 
cial phosphors, it is one of the brightest Dyst-ac- 
tivated oxide phosphors thus far reported. In addition, 
the emission of p-GazOt : Dy is remarkably similar to 
that of the standard commercial warm white phos- 
phor, Ca~F(P04)s : Sb : Mn. 

DY+-activated p-Gat03 is prepared by intimately 
blending the constituent oxides and heat-treating the 

mixture in air at 140O0C, for several hours. DyzOs 
additions from 0.5 to 20.0 m/o (mole per cent) were 
investigated. Maximum photoluminescent brightness 
was observed in the range 5-10 m/o activator concen- 
t~ation. 

Luminescence spectral measurements were obtained 
using a Perkin-Elmer Model 236 Spectrophotofluorim- 
eter. Emission spectra were recorded in terms of 
relative energy. Identification of the intense line emis- 
sions is accurate to r 3A. C.I.E. chromatricity coor- 
dinates were obtained using a Librascope integrator. 

The excitation and emission spectra of p-GazOs : Dy 
are shown in Fig. 1. Since no direct adsorptions by 
dysprosium are observed in the excitation spectrum, 
it must be assumed that the major portion of the en- 
ergy involved in luminescence arises from the broad 
host lattice absorptions. These peak at 250 nm and 
below. 

1 Present address: Drexel Institute of Technology, Philadelphia, 
Pennsylvania. The emission spectrum is dominated by two main 

Present address: Department of Metals and Ceramic Engineer- groups of lines in the ranges 460-505 and 570-600 nm. ing. Virginia Polytechnic Institute. Blacksburg, Virginia. Eleetro- 
chemical society Active Member. A third group of weak lines, not shown in Fig. 1, was 
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observed between 660 and 690 nm. Several diffuse 
bands occurring near 435, 450, 540, and 550 nm are 
believed to be caused by either impurities or host lat- 
tice emissions and are not characteristic of Dys+ fluo- 
rescence. 

Table I lists the observed emission lines, their in- 
tensities, and most probable ground state for the 
p-Gaz03: Dy fluorescence. In Table I1 the fluores- 

Table I. Visible fluorescence spectrum of 8-(Ga0.95, Dyo.o5)z03 

- 

I I I I I I I I I I 

A, A 1/10 Lowest atate 

. I 3  

tv- HI,, 

6678 4 
6775 

*HIUS 8 
6840 11 
6865 

These lines may be due to impurities. 

Table 11. Comparison of fluorescence of 8-(Gao.05, Dyo.os)z& 
with a standard warm white halophosphate phosphor 

> 0 

. . 
F , " t  ",a,, 

Relative % Total 

Phosphor 
peak Chromaticity light 

height coordinates output 
X u 

CajFlP01)a:Sb:Mn 
(Sylvanin No. 4356) 

100 0.445 0.420 100 

495 nm emisdon 173 0.038 0.422 
&(~ao.cs, D Y O , ~ ) ~  1588 nm emission 187 0.585 0.415 

Sum of both - 0.439 0.416 

- 

cence of this new phosphor is compared with that of 
a standard "warm white" halophosphate phosphor, 
Sylvania Type 4356. 

Hund's rule for a 4f9 electronic configuration pre- 
dicts that the ground state of Dy3+ is an inverted 6H 
state. The lowest-lying level in this multiplet would 
be the 'H15/2 with 6 doubly degenerate Stark com- 
ponents, the next eH1312 with 7 components, e t ~ .  Dicke 
and Singh (3) have successfully identified the experi- 
mental absorption and fluorescence transitions of 
DyCls . 6Hz0 in this framework. 

An equally successfully term assignment of the Dy8 
transitions in p-Ga203 (Table I) is not immediately 
possible. The three observed groups of emission lines 
at 460-505, 570-600, and 660-690 nm apparently arise 
from 6F11t2 + 6H15/2, 6H13t2, and 8Hlltz transitions, 
respectively. However, in the first group at least 14 
lines are observed when one would not expect more 
than 8 Stark components for a 6H15/2 transition; like- 
wise 9 lines are observed for the eH18t~ transition when 
not more than 7 are predicted. (The lines correspond- 
ing to the 6Flltz -) 6Hlit~ transition are too weak and 
diffuse to be accurately resolved.) 

Assuming that all observed fluorescence lines in 
p-Ga26 : Dy arise from the 6Flltz level and not 
higher-lying excited levels, and that Hund's rules are 
valid for this case, one possible explanation of the 
extra emission lines is that Dy3+ occupies two non- 
equivalent sites in the p-GazOs lattice. This would ef- 
fectively double the number of fluorescence transitions 
expected experimentally and be much more in line 
with the observed spectrum. In fact, Geller (4) has 
established the existence of two different cation sites 
in the p-GazO3 crystal structure, one tetrahedrally and 
one octahedrally coordinated by oxygen. 

\ 

W Z 
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Optical Properties by Far Infrared Ellipsometry 

Charlie E. Jones and A. Ray Hilton 
Texas Instruments Incorporated, Dallas, Texas 

The authors recently described (11, an infrared 
ellipsometer used to measure the thickness of thin 
silicon and germanium epitaxial layers. The measure- 
ment of thin film thickness by ellipsometry requires 
an accurate knowledge of the optical constants, n and 
k, of the film and substrate at the wavelength of 
measurement (54.6~ in this case). The optical con- 
stants n and k (real and imaginary parts of the re- 
fractive index, respectively) were calculated from an 
expression given by Lyden (2) for free carrier and 
lattice absorption in semiconductors. The method was 
used by the authors in earlier studies (3). The experi- 
mental data required for the calculations was supplied 
from electrical measurements of the semiconductor 
films and substrates (1). Optical constants can also 
be calculated directly from ellipsometric measurement 
of the substrate surface and is the technique commonly 
used in the visible spectrum range (4). This note 
presents a comparison of the optical constants ob- 
tained on highly doped silicon using ellipsometric 
measurements to those obtained using the above 
mentioned techniques. The ellipsometric curves gen- 
erated for epitaxial layers of undoped silicon on sub- 
strates having the different optical constants are 
presented and compared. Comments are made re- 
garding the fit of experimental data to the various 
curves. 

Four methods have been used to determine n and k: 
A. Measure the resistivity (probe), determine the 

number of carriers from a literature curve relating 
resistivity to carriers (5), and the mobility from a 
literature curve relating resistivity to mobility (6). 
Calculate n and k from Lvden's ex~ression. 

using the ellipsometrically measured substrate optical 
constants. The measuring accuracy of the ellipsometer 
in present form is about ? 3" for $ and A. Since in 
method C the electrical properties were measured to 
a high degree of reliability, curve C represents the 
best of the calculated optical constants. Curves A and 
B can be considered deviations from curve C due to 
a lack of accuracy in the electrical values obtained 
by methods A and B. The difference between the 
optical constants obtained by methods C and D are 
not due to inaccuracies in the equations relating re- 
sistivity and mobility to the optical constants. We 
have previously shown (1) good agreement between 
measured and calculated absorption coefficients of 
0.01 to 1.0 ohm-cm n-type silicon using these same re- 
lationships. The difference probably results from the 
fact that in method C the resistivity and mobility, used 
to calculate the optical constants, are values of bulk 
material while the ellipsometer measures the optical 
constants of the materials surface. 

If ellipsometry is used in the far infrared to measure 
layer thicknesses ellipsometry should be used for 
determining the optical constants of the materials in 
question. It should be noted that by using the n and k 
calculated from the ellipsometric readings and back 
calculation some insight may be gained as to the 
accurate electrical characteristics of the surface of the 
material. This will of course depend on the exactness 
of the theory relating the electrical and optical 
properties. 

Manuscript received Aug. 17, 1967; revised manu- 
script received Oct. 15,1967. 
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B. Same as A except-mobilitiis calculated from: discussion of this paper will ap ear in a ~ i ~ -  
6.25 x 1018 cussion Section to be published in the hecember 1968 

Mobility = JOURNAL. 
(number of carriers) (resistivity) 

C. Measure the number of carriers and mobility 
by Hall techniques then proceed with Lyden's ex- 
pression. 

D. Measure, with the infrared ellipsometer, the A 
and J. value for the substrate and calculate the 
optical constants from the exact equation given by 
Winterbottom (7). 

Methods A and B depend on resistivity values ob- 
tained by the simple probe technique and are there- 
fore not expected to yield as accurate values for 
optical constants as will method C which utilizes the 
reliable Hall technique. 

The optical constants obtained from each method 
for a substrate of 0.016 ohm-crn n-type silicon were: 

Method n k 

. A 2.18 2.44 
B 2.48 2.18 
C 2.21 1.49 
D 2.59 1.38 

Four curves relating to the ellipsometer parameters 
A and J. were plotted assuming each of the above 
optical constants for the substrate and undoped silicon 
(optical constants 3.38 - O.i), as the epitaxial layer. The 
other parameters of interest are A = 54.611; angle of 
incidence = 50". These curves are shown in Fig. 1. 
The arrows on each curve indicate the thickness of 
the epitaxial layer in microns. The data points (solid 
dots) are A and $ measurements made on 16 samples 
of undoped silicon layers deposited on 0.016 ohm-cm 
n-type silicon. The data points fit best the curve plotted 

JI 
Fig. 1. Ellipsometer curves 
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The Preparation and Examination of PbTe by 
Transmission Electron Microscopy 

E. Levine 

Department of Mechanics, Rutgers-The State University, New Brunswick, New Jersey 

and R. N. Tauber 

Department of Metallurgy and Materials Science and The Materials Research Center, 
Lehigh University, Bethlehem, Pennsylvania 

The preparation of thin foils of the compound semi- 
conductor PbTe for transmission electron microscopy 
has not been reported previously. Electron microscopy 
can be employed in this compound for the study of 
defects and precipitation effects. The following note 
describes the preparation technique and some pre- 
liminary observations made on thin foils of PbTe. 

It has been suggested by various investigators (1-3) 
that the change of carrier concentration of PbTe on 
annealing is due to precipitation of Pb or Te from the 
supersaturated crystal. This is further evidenced by 
the fact that both the Pb and Te concentration are 
retrograde in nature (1,2). In this investigation a single 
crystal of PbTe grown by the Bridgman technique 
was heat-treated so as to produce precipitation of Pb 
from the lattice. The procedure was as follows: (a) 
diffusing the specimens in a Pb-rich atmosphere at 
775'C for 28 hr and brine quenching; this produces 
a maximum Pb-rich PbTe (1, 2). (b) Aging the speci- 
men at 504'C for 25 hr and brine quenching; this 
should produce precipitates of Pb in the lattice, 
particularly on dislocation sites (3). 

Thin foils of the specimen were prepared for elec- 
tron microscopy using a combination of mechanical 
and electropolishing. The specimen was mechanically 
polished to approximately 200p on various grades of 
paper with a final polishing on both sides using Linde 
Gamma AB alumina powder. It was then electro- 
polished using a solution described by Norr (4) which 
consisted of 20g KOH in 45 ml HzO, 35 ml glycerol, 
20 ml of ethyl alcohol. The polishing was performed 
at 4-6v and 0.2 amp/cmZ. The sample was suspended 
without any edge masking in the electropolishing 
solution. Small black dots of apezion wax were placed 
on opposite sides in the center of the specimen. Ac- 
celerated attack occurred in the vicinity of these 
dots and also around the periphery of the specimen. 
Polishing was continued until the hole formed under 
the dots joined up with the peripheral region. Ex- 
tremely rapid stirring was necessary in order to pre- 
vent the build up of a contamination layer. 

The PbTe was found to be very brittle before 
polishing, and considerable care was necessary to 
avoid shattering. The electropolished thin specimen, 
however, was found to be very ductile in certain thin 
regions and could be bent plastically at the edges by 
180" and then straightened out again without fracture 
occurring. This behavior is similar to that found with 
alkali halide crystals when deformed in a solvent 
environment (5), i.e., the specimens are notch brittle. 
The removal of notches or cracks renders the crystal 
somewhat ductile although even in the thinned speci- 
men cutting with a knife results in brittle fracture 

The thinned specimen was examined in a Hitachi 
Electron Microscope operated at 100 kv. The density of 
dislocations was found to be quite high and accurate 
estimates were not possible due to their inhomogeneity. 
A typical area is shown in Fig. 1. Precipitation was 
not observed at dislocations as has been previously 
suggested (3). Arrays of dislocations on their inclined 
slip planes were observed throughout the foil. Some 
of these dislocations appeared to be either dipoles or 
dissociated dislocations (Fig. 2). Stacking fault con- 
trast was not observed between these dislocation pairs. 
Further contrast experiments on their exact nature are 
planned for the future. The presence of dissociated 
dislocations in PbTe has been proposed previously 
be Rachinger (6). 

In the background of Fig. 2 in the neighborhood of 
the extinction contour many elongated images may 
be seen which are not visible in the area on the right 
side of the figure. These images were only visible 
in the vicinity of an extinction contour and may 
correspond to an early stage in a ~recipitation process. 
The associated diffraction pattern did not show any 
evidence of such precipitates indicating their volume 
fraction is small or we are observing a preprecipitation 
stage of clustering similar to that found in A1-4% Cu 
alloys (7). Figure 3 is a diffraction pattern 
of a (100) orientation from a bent portion of the 
specimen. (The major portion of the thinned specimen 
was of {112) orientation.) Weak streaking in the 
<loo> directions may be observed which usually 

along the cleavage planes. Fig. 1. Dislocation arrays in PbTe 
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Fig. 2. Possible dipole or disrociated dislocations in PbTe. In Fig. 4. Persistent slip traces due to movement of dislocations 
the background anomalous images, possibly precipitates, are ob- while under observation in electron microscope. Slip trace a t  A 
served. clearly visible while that a t  B is weakly visible. 

Slip trace contrast is thought to be due to a surface 
layer of oxide or other contamination layer on the 
foil which prevents the slip from penetrating the 
surface. The observation of the variability of duration 
and contrasts produced in the same area of the foil 
suggests that the phenomenon is strongly dependent 
on the slip vector of the dislocations involved. 

Slip trace analysis assuming either (110) or 
(100) glide .planes indicated that dislocations on 
both planes were capable of movement. Rachinger (6) 
using trace analysis in bulk specimens observed both 
glide planes to be operative in PbTe although Buerger 
(9 )  had found only evidence of (100) glide plane 
activity. Evidence of both (110) and (100) glide 
plane activity had been observed by Seltzer (10) and 
Matthews et at. (1 1) in PbS. Our observation suggests 
that PbTe behaves similarly to PbS in that slip (at 
least in thin films) occurs on both glide planes. 
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Fig. 3. (100) Diffraction pattern of PbTe. Streaks are observed ence ~ ~ ~ ~ d ~ t i ~ ~  under ~~~~t N ~ .  GK-1607, 
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characterizes the preprecipitation stage in metal sys- Any discussion of this paper will appear in a Dis- 
tems (I) .  However. one cannot unambieuouslv as- cussion Section to be published in the December 1968 
sign th&e "streamer'i' to precipitation. Similar streak- 
ing has been observed in Ge crystals in the <110> 
directions and their origin is speculative. They may 
arise from thermal vibrations or anisotropic strain 
displacements (8). The latter may be created by 
clustering of atoms. Further work on aging experi- 
ments is now in progress to clarify this point. 

The dislocations were observed to be auite mobile 
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Formation of Crystalline Films 

by Laser Evaporation 

P. D. Zavitsanos and W. E. Sauer 

Space Sciences Laboratory, Missile and Space Division, 
General Electric Company, King of Prussia, Pennsylvania 

Vacuum evaporation techniques have been used for 
the preparation of films of elements and some com- 
pounds. When these techniques are applied to com- 
pounds or alloys which contain elements of widely 
different vapor pressures, vapor fractionation takes 
place to produce films containing an excess of the 
most volatile component. 

A definite improvement was brought about by the 
"flash" evaporation technique as outlined first by Sie- 
gel and Harris (1) and applied in the preparation of 
compound semiconductor films (2). The "co-evapora- 
tion" technique (3-5) also served as an improvement. 

Both techniques, however, sometimes suffer from 
contamination effects due to impurity vapors present 
in high-temperature furnaces and vacuum atmos- 
pheres. Another disadvantage present in the above 
techniques, as well as in the "sputtering" technique, 
is the fact that for many materials of interest, amor- 
phous films are produced unless the substrate is in- 
dependently heated (6, 7) .  

The evaporation of solids with a pulsed laser beam 
for the purpose of producing good optical films has 
been investigated by Smith and Turner (a) ,  and 
Schwartz (9) with some degree of success. In the 
present work, the use of a laser beam appears to 
produce (a)  congruent vaporization and films of the 
same composition as the parent material, and (b) 
crystalline films without heating the substrate (in- 
dependently). 

Experimental 
The laser used in this investigation was a Lear-Sieg- 

ler Model H-140Q. I t  had a maximum output of 10 
joules, and a pulse duration of 5-6 x sec, and 
was operated in the burst mode. 

The vapor generated by laser evaporation formed 
a jet, the center of which was always normal to the 
surface of the source material, independent of the in- 
cident angle of the laser beam. For this work, the 
laser beam entered a glass vacuum system through a 
glass window and was focused by a 15 mm focal 
length lens on the surface of the source material at a 
45" angle. The source material was mounted (inside 
the vacuum system) on a holder which could be 
moved up and down or rotated for focusing or ex- 
posure of a new segment of the surface to the beam. 
Films of Ge and GaAs were prepared by condensing 
the vapor on various substrates, at room temperature, 
placed parallel to the specimen 2.5 cm away. Prior to 
vaporization, the substrates were washed first with 
acetone and then with ethyl alcohol and air dried at 
120°C. Satisfactory films were produced at  chamber 
pressures as high as lp. 

For lasers operating in the burst mode, it can be 
assumed that there is sufficient power density in the 
beam to raise the surface temperature of the target to 
its boiling point at a relatively short time compared 
to the length of the pulse, and the rate of surface re- 
cession reaches a steady state rapidly (10). (Time 
resolved microwave attenuation measurements (11) 
indicate that this assumption is correct.) If energy 
losses due to reflection, radiation, conduction through 
the solid, superheating of solid and gas are negligible, 
the mass of the generated vapor, m is given by 

where E = energy output of laser, C = specific heat 
capacity, (CATl)s,l~d = energy required to heat the 
solid to its melting point, AHf = heat of fusion and or 
heat of decomposition, (CAT2)11~~id = energy required 
to heat the liquid to its boiling point, and AH, = heat 
of vaporization of liquid at the boiling point. The en- 
ergy output, E, used in these experiments was 3 joules 
per pulse. In the case of Ge and GaAs, the amounts 
of vapor generated (per pulse) are calculated to be 
0.48 and 0.9 mg, respectively.1 

The deposited area was usually about 3-4 cm2, and 
if the condensation coefficient was unity, the result- 
ing films would have a thickness in the order of 
1600-3500A. Our present estimates, however, (based 
on optical opacity) indicate that the film thickness 
(per pulse) was considerably less and of the order of 
500-10OOA. In view of the high reflectance of the Ge 
and GaAs source materials, it is felt that reflection 
was not negligible and probably was the dominant 
mechanism of energy loss. The extent of laser energy 
absorption by the vapor is usually considered to be 
small at this power level (10) although not proven 
for our experimental conditions. The resulting depo- 
sition rate is extremely high compared to conventional 
techniques and in the range of 106 A/sec. As far as the 
source temperature is concerned, although it was not 
measured, by analogy to graphite (13) targets it is 
felt that it did not exceed the boiling point of the less 
volatile component by a significant amount. The tem- 
perature of the substrates could not have been sig- 
nificantly raised by the laser energy in view of the 
fact thqt the substrates were transparent and rather 
massive (10-15g); even if all the available energy 
went into heating the substrate: its temperature could 
not be raised by more than 2"-3 . 

Results 
The results which follow were typical of those ob- 

tained from measurements on several films (2-3 of 
each case). Films prepared by laser evaporation were 
studied by reflection and transmission optical mi- 
croscopy. Figure l shows optical photomicrographs of 
Ge and GaAs films deposited on glass and sodium 
chloride substrates. It can be seen that the films are 
smooth, continuous, and free of "chunks" of materials. 

The films were removed from their substrates, and 
high resolution transmission electron diffraction pat- 
terns were obtained using an Hitachi HU-11 electron 
microscope. Figure 2A is an electron diffraction pat- 
tern from a germanium film which had been laser de- 
posited on a glass substrate. Figure 2B is from another 
germanium film which had been produced by evap- 
oration of the same source material from a resistance 
heated molybdenum boat. In neither case was the sub- 
strate heated by external means. The conventionally 

lFor germanium, the following steps were assumed to lead to 
vaporization 

Ge(s)+Ge(l)+Ge(g) 
wlth T,.I,$.. = 12100K, T M I ~ I ~ .  = 31000K, C = 6 cal . degr 
mole-1. AH, = 8.83 kcal mole-', and AH. = 79.1 kcal . mole-'. 
For gallium arsenide, the corresponding gasification Processes (12) 
are 

GaAs(s)+l/2As(g) + Ga(l) 

Ga(1)+2 GaW 
with TaecomPaattjon = 10000K, Tho! I inn (Ga) = 25200K, AHdelortpo- 
. t t i o n  = 45 kcal/mole (GaAs), and AHo = 61.5 kcal/mole (Gal. 
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Fig. 1A. Reflection optical photomicrograph of laser evaporated 
film: germanium film on glass substrate. Magnification 350X. 

Fig. 3. Transmission electron diffraction patterns produced by 
evaporated gallium orsenide films. A(left), calcium fluoride sub- 
strate; B(right), sodium choride substrate. 

Fig. 10. Reflection optical photomicrograph of laser evaporated 
film: gallium arsenide film on sodium chloride substrate. Magnifi- 
cation 350X. 

Fig. 2. Transmission electron diffraction patterns produced by 
evaporated germanium films. A(left), laser evaporation; B(right), 
conventional evaporation. 

evaporated film exhibits an amorphous structure 
which is typical of germanium films condensed on un- 
heated substrates. However, the laser evaporated film 
exhibits a degree of crystallinity which is typical of 
films deposited by conventional evaporation onto sub- 
strates heated to 300°C or more (I). 

In addition to the elemental films, films of GaAs 
were prepared. The laser evaporation of GaAs was 
found to proceed congruently. Figure 3A is an elec- 
tron diffraction pattern produced from a film which 
had been prepared on a calcium fluoride substrate by 

the laser evaporation of gallium arsenide. Figure 3B is 
from a gallium arsenide film similarly deposited on 
sodium chloride. The difiaction lines in these two pat- 
terns are listed in Table I. Both sets of data are in 
good agreement with the literature interplanar spac- 
ing values for gallium arsenide (14). If the constitu- 
ents of the deposited film had condensed noncongru- 
ently, a second phase would have been present, be- 
cause of the very limited solubility of gallium and 
arsenic in gallium arsenide (15). Thus, since all of 
the diffraction lines could be assigned to gallium ar- 
senide, it was concluded that laser evaporation did 
produce congruent deposition and crystalline films of 
gallium arsenide on calcium fluoride and sodium chlo- 
ride substrates. In the case of laser evaporation (16), 
coevaporation (4, 16) and sputtering (17) techniques, 
substrate temperatures of the order of 220"-400'C were 
required to produce crystalline films of GaAs. 

Discussion 
The two most evident features of films prepared by 

the laser evaporation technique are the congruent dep- 
osition of compounds and the degree of film crystal- 
linity achieved on unheated substrates. The reason 
for congruent evaporation is that conduction of heat 
away from the focal point and through the solid (tar- 
get) is a slow process compared to local heating and 
evaporation. A small volume of material (at the focal 
point) is raised to a high temperature which is ap- 
parently sufficient to produce vapor having the stoi- 
chiometry of the target. In a way, this heating process 
is similar to flash evaporation but more efficient. 

Table I. Analysis of electron diffraction patterns from gallium 
arsenide films 

GaAs* on Cap GaAs* on NaCl ASTM value for GaAsl4 
I d(A) I d(A) d(A) Iflo h k l  

S 

S 
S 
W 
MS 
MS 
M 
W 
M 
VVW 
WW 
vvw 
VW 
W 
W 

S 

S 

W 
MS 
MS 
M 
W 
M 
VVW 
W W  
VVW 
VW 
W 
W 

. S = Strong; M = Medium; W = Weak; V = Very. 
**  Calculated from ASTM value for ao. 
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The crystallization of the films is probably affected 
by several factors. The high deposition rates and tem- 
peratures would tend to increase the mobility of 
atoms in the depositing films by providing a high en- 
ergy environment. Heating of the films (during forma- 
tion) by reflected laser light (which is preferentially 
absorbed in the film as compared to the substrate) 
could also take place and, thus, increase the mobility 
of the condensing vapor. 
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Reply to Comments on the Paper "Transport Processes 

in the Thermal Oxidation of Silicon" 

Douglas 0. Raleigh 

Science Center, North American Rockwell Corporation, Thousand Oaks, California 

A recent communication (1) has raised a number of 
questions concerning my paper "Transport Processes 
in the Thermal Oxidation of Silicon" (2). Since it is 
felt that the comments made represent a misunder- 
standing of the assertions in this paper, a reply was 
felt necessary. 

In a paper in 1962, Jorgenson (3) reported experi- 
ments on the effect of an electric field on the thermal 
oxidation of silicon at elevated temperatures. From 
the results, he asserted that the normal thermal oxi- 
dation process occurred by the diffusion of oxygen ions 
through the SiOz reaction layer. My own paper was 
an attempt to clarify the matter of what can be meant 
by the "effect of an electric field" on a thermal oxida- 
tion process. I asserted that an electric field per se 
cannot provide a steady-state driving force for diffu- 
sion-controlled thermal oxidation, since the net proc- 
ess involved in normal oxidation is the transport of an 
electroneutral species (elemental oxygen in the case 
of SiOz) through the reaction layer. Accordingly, in 
examining electric field effects, one must consider the 
role of the experimental arrangement in altering the 
nature of the oxidizing system. Specifically, the ap- 
plication of an electric field via ohmic leads provides 
an external path for electron flow and results in an 
electrolysis experiment rather than an electric field 
experiment. Since thermal oxidation by an ionic mech- 
anism involves the transport of both ions and electrons 
through the oxide layer and electrolysis involves only 

ion transport, it is not possible to say a priori that an 
electrolysis experident proves normal oxidation oc- 
curs by an ionic mechanism. I t  may well be that the 
electronic conductivity in the oxide is too low to per- 
mit more than a minor contribution by an ionic mech- 
anism. 

In the recent communication ( I ) ,  i t  was said that I 
asserted the so-called halt voltage is, as a general 
matter, unrelated to the free energy of formation of 
the oxide. Reference to an unpublished memo by 
Wagner was made to show that this is not the case 
in cells of the type MelMeOlOz with an externally ap- 
plied voltage. In fact, while I might have made myself 
clearer, I did not assert this as a general matter, but 
merely for the cell arrangement Jorgenson (3) em- 
ployed. In the latter case, a constant current was 
passed through two conjoined cells Oz,PtlSiOzlSi and 
the voltage monitored across each oxide layer. The 
SiOz in these cells was a growing oxide layer on the 
surface of an initially clean silicon sample with sput- 
tered platinum electrodes on the two ends. An oxygen 
atmosphere served for both the normal oxidation and 
the oxygen electrodes. If the voltage leads across the 
cells were properly contacted, the cell voltages should 
have been given by V = E f iR, where E is the gal- 
vanic emf and the sign of the iR drop depends on the 
direction of the current. E is ideally given by 
ti,,,AFor (Si02) /4F, equal to ttons (1.69~) at 850", where 
tt,,,, is the effective ionic transport number in the ox- 



112 J. Electrochem. Soc.: SOLID STATE SCIENCE January 1968 

ide film. Since the iR drop would be proportional to 
the SiOz film thickness, extrapolation of V vs. t back 
to t = 0 should give E. Instead, all V vs. t plots ex- 
trapolated back to zero volts, indicating no galvanic 
emf contribution. As explained in my paper, this would 
have been the case if the voltage lead to the Si were 
unprotected from oxidation, since one would then 
have had an Oz,SiOz electrode at this site, identical to 
the main oxide electrode. In this case, one would have 
been measuring purely iR drop in the oxide film, 
which would be unrelated to the free energy of for- 
mation of SiOz.1 

Jorgenson's report of recent galvanic emf data on 
the cell 

Oz(p"oz) ,PtlSiOz(membrane) IPt,Oz(p'oz) 

is very interesting and may, indeed, indicate both suffi- 
cient ionic and electronic conduction in SiOz to sup- 
port an ionic oxidation mechanism. Caution, however, 
is required in interpreting the experimental results. I t  
was said that p"oZ was 323 Tom and that p'o, was 
maintained at an ambient value of 10-7 Torr by vac- 
uum pumping on the right-hand side of the cell. Ionic 
transport numbers of 0.40-0.53 were obtained, which 
were presumably calculated from the galvanic emf 
via the expression 

In this, of course, it is important that the ambient 
value of 10-7 Torr for p'oz be also the pressure value 
inside the sputtered Pt film at the Ptloxide interface, 
since it is the latter pressure that determines E. This is 
a matter of concern, since oxygen was continually 
permeating the silica membrane and, indeed, the per- 
meation rate was measured in the same experiment. 

silica membranes thick enough to retard permeation 
greatly would be very helpful. Likewise helpful would 
be the use of a "buffered" oxygen atmosphere, such as 
a CO-C02 gas mixture, which establishes a low oxy- 
gen pressure chemically instead of by evacuation. 

Regarding the many small points in my paper 
which were allegedly incorrect, I can only comment 
on the two that were actually brought up. Regarding 
Jorgenson's experiments on the effect of an electric 
field on the oxidation of zinc (5), I stand corrected in 
that the author did not assert the results showed 
diffusion control by oxygen ions, but merely by ions. 
I must still maintain, however, that the results did 
not prove diffusion control by ions, but merely showed 
the presence of some ionic conductivity in the oxide, 
for the reasons mentioned above and in my original 
paper. Regarding my model for the stopping voltage, 
its calculation did not require an assumed value for 
the ionic transport number, but a value for the ionic 
conductivity. The latter was obtained from Jorgen- 
son's own data and a value in good agreement with it 
was obtained from oxygen diffusion data in SiOz. Thus, 
the original prediction for the stopping voltage re- 
mains. 

In conclusion, it is felt that the distinction between 
experiments on the effect of an electric field on ther- 
mal oxidation and electrolysis experiments is still 
an important one. Wagner, in fact, has independently 
employed the concept of superposed electrolysis to ex- 
plain oxidation effects in the presence of an external 
electric field in what I believe is the same unpublished 
memo to which Jorgenson referred (6). It is felt that 
this concept provides a rational electrochemical basis 
for such field effects and clearly indicates their limited 
relevance i n  deducing the predominant oxidation 
mechanism. 

Jorgenson implied that there was no pressure differ- 
ential across the Pt, since his measured permeation received Sept. ''9 1967a 

rates agreed to 10% with those of Norton (4). This, Any discussion of this paper will appear in a Dis- 
however, is not very convincing, since the permeation cussion Section to be published in the December 1968 
rate only depends on A p  and would be essentially the JOURNAL. 

same for anv  no value small comuared that of d'no. REFERENCES 
v - -a 

Thus, any of a wide range of p'oz values > 10-7 ~ o r r  1. P. J. Jorgenson This Journal 114 820 (1967). 
could have been present at the PtlSiOz interface and 2. D. 0. Raleigh ;bid 113, 782 (1966). 
would have the effect of lowering the calculated val- 3. P. J. ~orgensdn, J. '&hem. Phys., 37, 874 (1962). 
ues of the ionic transport number. ~ ~ ~ ~ ~ i ~ ~ ~ t ~  with 4. F. J. Norton, Nature, 191,701 (1961) ; "Transactions 

of the 8th Vacuum Symposium and 2nd Inter- 
national Congress," pp. 8-16, Pergamon Press, 

1 Note added in proof: Dr. Jorgenson has communicated to the 
author that he has re-examined his original voltage-time data and 

New York (1962). 
finds that it is best fltted to a zero-time intercept not of zero volts, 5. P. J. Jorgenson, This Journal, 110, 461 (1963). 
but of 0 . 61~ .  1f so, this would indicate that there was a galvanic 6. C. Wagner, Unpublished memo, "Considerations on 
contribution, which should he added to my estimate of the iR drop. 
This would yield 1 . 8 6 ~  for the predicted halt voltage, in somewhat the Effect of an External Electrical Field Applied 
better agreement with the observed value than my previous esti- to an Oxide Layer Growing on a Metal in 
mate. Oxygen," Feb. 13,1966. 

Application of the Peltier Effect for the Determination 

of Crystal Growth Rates 
Ranjit Singh, August F. Witt,* and Harry C. Gatos* 

Department of Metallurgy and Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

A method for the determination of microscopic rates 
of solidification during crystal growth has been re- 
ported recently (1). The method is based on the in- 
troduction of relatively high-frequency impurity stri- 
ations in the growing crystal. Such striations referred 
to from here on as "rate striations" were induced by 
establishing controlled low amplitude vibrations of 
known frequency in the melt during crystal growth. 
While the exact mechanism responsible for the for- 
' Electrochemical Society Active Member. 

mation of these striations is as yet not unambiguously 
determined, it is most likely that they are caused by 
instantaneous growth rate fluctuations associated with 
thermal and fluid-dynamic perturbations. It was 
found that they do not interfere to any detectable ex- 
tent with the over-all solidification process (2). 

The present communication reports on the success- 
ful formation of rate striations by employing the 
Peltier effect. Current pulses of short duration and of 
the appropriate frequency applied across the crystal- 
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Fig. 1. Off-core on-core transition region in a Czochralski grown 
single crystal of InSb. Rate striations (introduced by employing the 
Peltier effect) reveal major variations of the microscopic crystal 
growth rate. Magnification 380X. 

melt interface during crystal growth cause corre- 
sponding fluctuations in the instantaneous growth rate 
due to Peltier heating (or cooling). These fluctuations 
are incorporated in the growing crystal as impurity 
striations [revealed by polishing and etching (1) 1 
which exhibit the same characteristics as the previ- 
ously discussed rate striations introduced by vibra- 
tions. Like the vibrational striations, the presently 
reported striations do not effect the over-all crystal 
growth process and can thus be utilized for the inves- 
tigation of localized microscopic growth rates and in- 
terface morphologies. Instantaneous growth rate 
changes resulting from Peltier heating (or cooling) 
have been previously studied extensively in connection 
with the formation of p-n junctions (3,4). 

In the present study a standard Czochralski pulling 
system was modified to permit the passage of current 
pulses across the crystal-melt interface during rota- 
tional and nonrotational pulling. A pulse generator 
in conjunction with a low-frequency current amplifier 
provided pulses of the desired frequency (5 to 40 cps). 
With this arrangement it was possible to control the 
current density and the duration of the current pulses 
which in turn determine the intensity and width of the 
induced striations respectively. 

Some typical results obtained with Te-doped InSb 
single crystals are shown in Fig. 1 and 2. Local vari- 
ations in growth rate within a given single crystal are 
readily seen in Fig. 1. It is apparent that these vari- 
ations can be quantitatively evaluated. The constancy 
of the microscopic growth rate in the "core" of the 

Fig. 2. Core region (facet growth) in an lnSb single crystal. 
The microscopic rate of growth as revealed by the rate striations is 
constant. The alternating light and dark areas indicate impuriw 
concentration changes which are unrelated to the microscopic rate 
of growth. Magnification 410X. 

crystal (2) is seen in Fig. 2. This figure shows also im- 
purity concentration changes (dark and light areas) 
which obviously do not result from microscopic 
growth rate changes. 

The Peltier effect permits excellent control of the 
intensity and the width of the induced rate striations. 
Possible side effects associated with the current trans- 
port across the growth interface (mass transport) may 
limit its usefulness particularly in multicomponent sys- 
tems. 

The detailed nature of the rate striations and their 
application to the study of solidification processes is 
being studied in our laboratory. 
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Report from Ad Hoc Committee on Publication Plans 

Because of the widespread interest of the members of the Society in publication 
activities, we are presenting a slightly abbreviated version of the report from the Com- 
mittee to the Board of Directors. 

At the meeting of the Board of Directors on January 6, 
1967, extensive discussion of a recommendation by the Pub- 
lication Committee that The Electrochemical Society under- 
take the publication of a three-part JOURNAL OF THE ELEC- 
TROCHEMICAL SOCIETY indicated that more information 
was needed as to the wishes and interests of our members 
and of our nonmember subscribers. This ad hoc committee 
was instructed to prepare questionnaires, analyze the re- 
turns, and DreDare recommendations to the Board of Direc- . . 
tors. 

Of the 2855 questionnaires sent to nonmember subscribers, 
711 (25%) were returned, and of 3961 sent to members, 2064 
(52.1%) were returned. In each case, the percentage of re- 
turns is more than ample to represent a significant sample on 
the basis of polling experience. 

The returns were analyzed by appropriate computer tech- 
niques. This permitted the writing of a program that revealed 
something about the nature of the respondents. For nonmem- 
ber subscribers, the responses were broken down into three 
categories: all answers, United States answers, and foreign 
answers. For the member questionnaire the main categories 
were based on years of membership. 

Member Questionnaire 
In the following listing (A), (B), (C), and (D) stand respec- 

tively for all answers, less than 10 years, 10-20 years, and 
more than 20 years of membership. 

QUESTION 1. 
Do you favor the present format (starting with January 1967 
issue) rather than dividing the JOURNAL into separate pub- 
lications? 

(A) (B) (C) (Dl 
Yes 54% 51% 58% 63% 
No 46% 49% 42% 37% 

QUESTION 2. 
I f  your answer is YES to I., and i f  you had a choice with 
your membership between the present two journals, ELEC- 
TROCHEMICAL TECHNOLOGY and JOURNAL OF THE ELEC- 
TROCHEMICAL SOCIETY, which one would you choose? 

(A) (B) (C) (Dl 
Journal of The Electrochemical Society 79% 83% 77% 66% 
Electrochemical Technology 21% 17% 23% 34% 

QUESTION 3. 
I f  you prefer separate publications, which one of the three, 
along with a monthly news bulletin, would you elect to re- 
ceive as part of your membership? 

(A) (B) (C) (Dl 
Electrochemical Science 42.7% 39.7% 44.7% 53.5% 
Solid State Science 33.8% 41.6% 27.3% 3.2% 
Electrochemical Technology 23.5% 18.7% 28.0% 43.3% 

All No to Yes to 
Returns Question 1 Question 1 

Electrochemical Science 42.7% 40.6% 46.5% 
Solid State Science 33.8% 36.9% 28.4% 
Electrochemical Technology 23.5% 22.5% 25.1% 

QUESTION 4. 
Would your choice of which publication to receive as part of 
your membership be influenced by whether i t  is issued 
monthly or bimonthly? 

(A) (B) (C) (Dl 
Yes 14% 16% 13% 11% 
No 86% 84% 87% 89% 

QUESTION 5. 
I f  you prefer separate publications, to which ones would you 
subscribe in addition to the one you elect to receive as part 
of your membership? 

(A) (B) (C) (Dl 
Electrochemical Science 20.0% 19% 22% 22% 
Solid State Science 9.5% 8% 11.2% 14.2% 
Electrochemical Technology 41.6% 43% 38.3% 36.8% 
No additional journal 38.6% 37.4% 40% 42.5% 

QUESTION 6. 
Would your selection of paid subscriptions be influenced by 

Yes 
No 

QUESTION 7. 
Do you now subscribe to ELECTROCHEMICAL TECHNOLOGY? 

(A) (B) (C) (Dl 
Yes 30% 24% 39% 43% 
No 70% 76% 61% 57% 

QUESTION 8(a). 
Would the subscription price affect your decision on Ques- 
tion 6, in the price range of $17 to $22? 

(A) (B) (C) (Dl 
Yes 53% 54% 53% 44% 
No 47% 46% 47% 56% 

QUESTION 8(b). 
Would the subscription price affect your decision on Ques- 
tion 6. in the price range of $12 to $17? 

(A) (B) (C) (Dl 
Yes 30% 30% 30% 28% 
No 70% 70% 70% 73% 

QUESTION 9. 
How long have you been a member of the Society? 

Less than 10 years 61% 
10-20 years 27% 
Over 20 years 12% 
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QUESTION 10. 
What is your current professional activity? 

(A) (B) (C) (Dl 
1. Teaching 12% 13% 10% 10% 
2. Consultant 4% 1% 5% 12% 
3. Management Administration 2% 2% 3% 3% 
4. Management Technical 9% 6% 14% 13% 
5. Research and Development 9% 8% 10% 10% 
6. Basic Research 4% 5% 3% 2% 
7. Other 12% 11% 11% 19% 
8. Battery 8% 9% 7% 5% 
9. Solid State & Dielectrics 24% 31% 18% 4% 
10. Industrial Electrolytic and E & M 4% 4% 5% 6% 
11. Corrosion and Electrodeposition 5% 4% 7% 9% 
12. No Response 7% 6% 7% 7% 

Questionnaire to 
Nonmember Subscribers 

Journal of The Electrochemical Society 
The findings were reported three ways: (A) all answers; (0) 

United States answers; and (C) foreign answers. 

QUESTION 1. 
Which or both of the present publications do you subscribe 
to? 

(A) (B) (C) 
Journal of The Electrochemical Society 49% 47% 51.5% 
Electrochemical Technology 51% 53% 48.5% 
Both 51% 53% 48.5% 

QUESTION 2. 
Has frequency of publication influenced your choice of sub- 
scriptions? 

(A) (B1 (C) 
Yes 
No 

QUESTION 3. 
Would you prefer that the Society continue publishing the 
JOURNAL in the format established with the January 1967 
issue? 

(A) (0) (C) 
Yes 90% 91% 89% 
No 10% 9% 11% 

QUESTION 4. 
I f  the three components become available as separate publi- 
cations, which ones would you subscribe to? 

(A) (B) (C) 
Journal of The Electrochemical Society 82% 84% 80% 
-Electrochemical Science 
Journal of The Electrochemical Society 64% 63% 65% 
-Solid State Science 
Journal of The Electrochemical Society 63.5% 67.6% 59% 
-Electrochemical Technology 

Analysis of Replies 
On the question of dividing the JOURNAL according to 

three major areas a majority of the members resppnding 
favor the retention of the present format, as did a large 
majority of the nonmember subscribers. The comments rela- 
tive to this point were much more numerous in opposition 
than in support, but even more significantly, the opposing 
comments were predominantly specific and objective whereas 
the supporting comments were often vague and subjective. 
Outstanding amongst the comments in opposition were those 
whose theme was the value of the interdisciplinary aspects 
of covering all areas in one journal, particularly the cross 
fertilization that arises from learning of what is going on in 
other areas. Furthermore, among the cogent reasons for not 

changing to the proposed scheme was the distaste for pro- 
liferation and splintering of publications, thereby adding to 
the burden of technical reading and to the cost of subscrip- 
tions. 

Although no question in either questionnaire dealt with the 
possibility of returning to the single journal, numerous com- 
ments recommended this either explicitly or implicitly. 

When many of the returns expressing approval of the 3- 
unit publication were examined in the light of accompanying 
comments, distaste for another title and even greater dis- 
taste for any increase in cost that might develop were re- 
vealed. 

I t  is amply evident both from answers to questions and 
from comments that a majority of both members and non- 
member subscribers like the present format of the JOURNAL. 

A clear-cut response showed that frequency of publication 
is not significant in determining paid subscriptions. 

There is not much objection to a modest increase in sub- 
scription prices. A substantial increase in costs to mem- 
bers owing to proliferation of titles is widely opposed. 

Comments that obviously spring from readers show that 
the appearance in a single publication of papers in both 
electrochemical science as well as those that are either basic 
or applied is a matter of concern to only a relatively small 
number of respondents. It is evident that members desire 
the interdisciplinary flavor that follows from this situation. 
Those who would avoid it are not responsive to members' 
wishes. 

A gratifying number of comments indicated explicitly or 
by implication that the respondents are well satisfied with 
the present publication policies. Unhappily, some commented 
in the adverse sense. So far as the specific questions are 
concerned, the opposition to change is an implicit endorse- 
ment of present publication policies. The questionnaires will 
be held in the Society's offices at 30 East 42nd Street, New 
York City until January 1, 1969, and any member is welcome 
to study them at whatever length he may desire. 

The number (591 or 28.6% of those answering) and the seri- 
ous tenor of the comments together with the remarkably 
large percentage return of the questionnaires (52.1%) consti- 
tute clear evidence that the members are not only deeply 
concerned with publication matters, but that they are ready 
to help with advice. We must conclude, therefore, that the 
poll was successful in providing the information, and the 
guidance that were needed. 

Recommendations 
1. Don't separate publications according to individual nar- 

row subjects. 

2. Retain the basic features of the present mode of publi- 
cation, which are: 

(a) Keep electrochemical science and solid state science 
in one journal because of interdisciplinary value to read- 
ing membership. 
(b) Although these items should appear in the same jour- 
nal, they should be separated as in the present format. 

3. Because of the unsolicited expression of interest in re- 
turning to a single publication, the Publication and Finance 
Committees should study the implications of this suggestion, 
which obviously was not made lightly by many members and 
nonmember subscribers, and jointly report their findings to 
the Board of Directors in time for consideration at the Janu- 
ary 1968 meeting of the Board. 

Charles Faust 
Ralph A. Schaefer 

Harold J. Read, Chairman 

(Note: The findings and recommendations have been referred 
by President Gatos to the Publication Committee and the 
Finance Committee for study and possible implementation.) 
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Extended Abstracts 
The January 1968 issue of the Journal 

carries for the first time a special 
insert including an extended abstract 
order card. You will find this perforated 
order form inside the first cover. To 
most Society members i t  is the first 
notice of important changes to the ex- 
tended abstract publication program. 

Before each National Meeting since 
1963 the Society in collaboration with 
various Divisions has offered extended 
abstract volumes. These books have 
provided a record of significant experi- 
mental data contained in papers de- 
livered at such meetings. Often they 
have been the only record. Individual 
volumes have been issued for each 
participating Division. 

At each meeting during the past two 
years a combined volume containing 
each of the single volumes has also 
been available. Acceptance of this 
mode of publication has been most 
favorable. For example, at the Chicago 
Meeting the number of combined 
volumes sold exceeded the sales of 
most single volumes. 

The Board of Directors has decided, 
based on studies of several Standing 

SECTION NEWS 

Boston Section 
Dr. John A. Copeland was the speaker 

at the sixty first meeting of the Boston 
Section held on September 20, 1967 at 
the Ledgemont Laboratory of Kennecott 
Copper Corp., Lexington, Mass. 

The subject of Dr. Copeland's talk 
was "Bulk Negative Resistance Semi- 
conductor Devices." He explained how 
the properties of bulk negative resis- 
tivity in certain semiconductors such 
as GaAs has led to new devices for 
millimeter-wave power generation, am- 
plification, and logic function genera- 
tion. 

In reviewing the physical principles 
of present bulk effect devices such as 
Gunn diodes, he showed how applica- 
tion of a voltage greater than a certain 
threshold value across a block of GaAs 
triggered the formation of high field 
domains which travelled through the 
device. The initiation and motion of 
these domains was illustrated by a com- 
puter generated motion picture and i t  
was shown how domain motion could 
be used to perform logic functions. 

A new mode of operation bulk effect 
devices, the LSA (Limited Space Charge 
Accumulation) mode was described 
which makes possible oscillators which 
will deliver useful power at much higher 
frequencies than with transit time de- 
vices such as transistors. Future appli- 
cations of bulk effect devices may in- 

Program for Boston 
Committees, that our authors, members, 
and nonmember subscribers will bene- 
fit through improved service by discon- 
tinuing individual volumes and by issu- 
ing only a combined volume of all avail- 
able meeting paper abstracts. 

This change will mean both a shorter 
lead time for authors and a longer 
opportunity to purchase the abstracts 
and still receive the volume before the 
meeting. With all extended abstracts in 
one volume, for premeeting study and 
post-meeting reference, interdiscipli- 
nary exposure is encouraged. Quite im- 
portant will be the cost. A set of in- 
dividual volumes for a meeting has 
cost as much as $14.00. The price for 
the combined volume has been set for 
$10.00 for the Boston Meeting. 

Please read carefully the special in- 
sert found inside the front cover. I t  
contains instructions and tear-out order 
form for purchasing the extended ab- 
stract volume for the Spring 1968 Meet- 
ing in Boston. This insertion replaces 
the previously mailed notice and order 
forms. It is anticipated that this change 
will improve and strengthen our ex- 
tended abstract program and that you 
will endorse the change. 

clude functional blocks very different 
from today's integrated circuits. 

R. G. Donald, 
Secretary 

Chicago Section 
  he Chicago Section of the Society 

met on November 16, 1967 at the Chi- 
cago Engineers Club. The speaker for 
the evening was Dr. Donald E. Smith, 
Associate Professor of Chemistry, North- 
western University, Evanston, Ill., who 
spoke on "Modern Approaches to the 
Study of Kinetics and Mechanisms of 
Electrode Reactions: Techniques and 
Instrumentation!' Dr. Smith described 
a decade of advances which have a pro- 
found influence on approaches to the 
study of the chronology of electrode 
reactions. Developments in techniques 
and electronic hardware have reduced 
substantially the tedium and uncer- 
tainty associated with such investiga- 
tions. The nature, scope, and implica- 
tions of these advances were discussed 
at length. Specific examples of investi- 
gations which took advantage of these 
advances were covered. 

The section has proposed the follow- 
inn tentative proerram for the 1968 sea- . - 
son. 

January 11, 1968-"On the Kinetics of 
Iron Dissolution in Acid Chloride Solu- 
tions," Z. Andrew Foroulis, Esso Re- 
search and Development, Florham Park, 
N. J. 

February 15, 196L"Artificial Renal 
Dialysis," James Greenwald, M.D., In- 
ternist, St. Catherine Hospital Heart 
Station, East Chicago, Ind. 

March 14, 196VModern Techniques 

in '~attery Research and Development," 
N. Corey Cahoon, Union Carbide Corp., 
Cleveland, Ohio. 

April 17, 1968-"Electrochemical Ma- 
chining; Some Unanswered Questions 
for Electrochemists" Garret K. Vanden- 
burgh, Anocut Engineering Co., Elk 
Grove Village, Ill. 

"Ladies Night" Program and date to 
be announced. 

I. H. Pronger, Jr., 
Secretary 

Detroit Section 
The Detroit Section held its first din- 

ner-meeting of the 1967-1968 season at 
Wayne State University on October 26, 
1967. The speaker for the evening was 
Dr. Seymour Senderoff of the Union Car- 
bide Corp. Dr. Senderoff presented a talk 
on "The Mechanisms of Electrode Re- 
actions in the Electrodeposition of Met- 
als from Molten Salts," reviewing the 
chronopotentiometric studies of the 
electrode reactions in the electrodeposi- 
tion of niobium, tantalum, zirconium, 
chromium, molybdenum, and tungsten 
from molten fluoride solutions, showed 
irreversible phenomena in the metal 
production step. The nature of this ir- 
reversibility and its significance in the 
electrodeposition of coherent coatings 
was discussed. 

E. A. Romanowski, 
Second Vice-Chairman 

Metropolitan-New York Section 
The Metropolitan-New York Section 

met on November 1, 1967 at the Stone 
Hall Inn, New York City. 

Dr. Henry Brown, Director of Research, 
Udylite Corp., spoke on "The Role of 
Organic Addition Agents in the Electro- 
deposition of Metals," describing the 
role of various classes of organic com- 
pounds used as addition agents in 
aqueous electroplating baths for the 
purpose of altering the appearance, 
structure, and properties of the metal 
deposit. Special attention was given to 
molecular structure of the addition 
agents used in bright nickel and cobalt 
electroplating. Also the corrosion resist- 
ance of the deposits was discussed. 

Eric Rau, 
Secretary-Treasurer 
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Three $800 Electrochemical Society Summer 
Fellowships to be Awarded 

The Board of Directors of The Elec- Qualified graduate students are in- 
trochemical Society recently appropri- vited to apply for these summer fel- 
ated funds to support three 1968 Sum- lowships and should submit the fol- 
mer Fellowships for qualified graduate lowing items: 
students. Each fellowship has a sti- 1. a brief statement of educational 
pend of $800 and the purpose of the objectives. 
fellowship is to assist a student to 2. a brief statement of thesis re- 
continue his graduate work during the search problems including objectives, 
summer months in a "field of interest work already accomplished, and work 
to The Electrochemical Society!' These planned for the summer of 1968. 
fellowships are to be known as the 3. a transcript of undergraduate and 
Edward Weston Fellowship, the Colin graduate academic work. 
Garfield Fink Fellowship, and the ECS 4. two letters of recommendation. 
Fellowship Award. The applicant should request his re- 

Candidates' Qualifications: 'The award search advisor anci one additional fac- 
shall be made without regard to sex, ulty member familiar with his work to 
citizenship or race, or financial need. write letters of recommendation. Appli- 
I t  shall be made to a graduate student cation material and letters of recom- 
pursuing work between the degree of mendation should be sent to: Dr. Doug- 
B.S. and Ph.D. who has received a nine las N. Bennion, School of Engineering, 
months' grant preceding the summer University of California, Los Angeles, 
period and who will continue his stud- Calif. 
ies after the summer period. A previous Applications must be received by 
holder of the award is eligible for re- March 1, 1968 and award winners will 
appointment." be announced on May 1, 1968. 

Midland Section chloride solution and zinc electrodes in 

On November 15, 1967 the Midland 
Section held a meeting in the Sales 
Training Conference Room of The Dow 
Chemical Co., Midland. 

Prior to the technical meeting a din- 
ner in honor of the speaker was held 
at the Country Squire Inn in Midland. 
The speaker for this meeting was Mr. 
Gilbert S. Keeley, a Nuclear Engineer 
for Consumer's Power Co., who spoke 
on "Nuclear Energy Plants in Operation 
by Consumer's Power!' Mr. Keeley de- 
scribed engineering details and eco- 
nomic considerations for the two nu- 
clear facilities of Consumer's Power, 
showed slides of actual facilities, and 
answered many specific questions as to 
future .plans in nuclear generation both 
for Consumer's and the industry in 
general. 

John A. Van Westenburg, 
Secretary-Treasurer 

National Capital Area Section 
The National Capital Area Section 

held its first meeting of the 1967-1968 
season on October 5,1967, at the Ameri- 
can University, Washington, D.C. Dr. 
Kurt Stern, Chairman of the Section, 
presented a Past-President pin to the 
retiring Chairman, Frederic M. Bower, 
Naval Ordnance Laboratory, i n  recogni- 
tion of his excellent service to the Sec- 
tion. 

Dr. Ralph J. Brodd, Union Carbide 
Corp., spoke on "Faradaic Rectifica- 
tion!' He discussed the method and 
the results of applying an alternating 
current through a range of frequencies 
on an electrode reaction. Systems such 
as a cadmium electrode in a cadmium 

zinc chloride and zinc bromide solu- 
tions were described. 

The tentative schedule for the 1968 
season is as follows: 

February 1-"Forecast for Space Fuel 
Cells, Ernst M. Cohn, NASA. 

March 7-"Society Activity and New 
Developments in Batteries," N. Corey 
Cahoon, Vice-President of The Electro- 
chemical Society and Senior Scientist, 
Union Carbide Corp. 

April 4-"Corrosion Research," H. H. 
Uhlig, Massachusetts Institute of Tech- 
nology. 

May 2-Tour of Goddard Space Flight 
Center, Maryland, and High School Sci- 
ence Fair Awards. 

Frank X. McCawley, 
Secretary 

Pittsburgh Section 
On October 27, 1967 the Pittsburgh 

Section held its fall meeting at  the 
Westinghouse Research and Develop 
ment Center, Pittsburgh. The technical 
program consisted of the following 
papers: 

"Stress Corrosion Cracking," Fred 
Pement, Westinghouse Research Lab- 
oratories. 

"Initiation of Stress Corrosion Cracks 
in Aluminum," M. S. Hunter, Alcoa Re- 
search Laboratories. 

"Some Modern Techniques in Battery 
Research and Development," N. Corey 
Cqjloon, Union Carbide Corp. 

Role of Defect Structure in Alloy 
Oxidation," Sven Jansson, Westinghouse 
Research Laboratories. 

"Chemical Properties of PbOz Elec- 
trodeposited from Organic Solvents," 
C. W. Lewis and P. C. Edge, Pittsburgh 
Plate Glass. 

"Use of Polarization Resistance as a 
Guide in Making Inhibitor Additions to 
Pickling Solutions," C. J. Warning, U.S. 
Steel Applied Research Laboratories. 

As i t  has done in previous years, the 
Section voted to contribute a $25 award 
to the Buhl Planetarium for their forth- 
coming School Science Fair. The award 
will go to the student submitting the 
best exhibit in the field of electrochem- 
istry. 

R. L. Horst, Jr., 
Secretary-Treasurer 

San Francisco Section 
The San Francisco Section will hold 

its 1st Western Regional Technical Ses- 
sion on "Electrochemical Aspects of 
Thin Films and Semiconductors," on 
March 7, 1968 at the San Francisco Air- 
port Hilton Inn. 

For additional information write: E. F. 
Duffek, Chairman, Fairchild Semicon- 
ductors Corp., 4001 Junipero Serra Blvd., 
Palo Alto, Calif. 94304. 

Southern California-Nevada 
Section 

The Third Advances in Battery Tech- 
nology Symposium sponsored by the 
Southern California-Nevada Section was 
held on December 1, 1967 at the Union 
Oil Auditorium, Los Angeles. The pur- 
pose of this symposium is to bring into 
focus the technical progress that is 
being made by electrochemists and en- 
gineers in these various industries on 
the development of advanced batteries 
and fuel cells. 

The program consisted of the follow- 
ing papers: 

"Fuel Cells for Electric Automobiles: 
A Prognosis" N. A. Cook, Allis-Chalmen. 

"Silver-Zinc Batteries," G. A. Dalin, 
Yardney Electric Corp. 

"Sodium-Air Secondary Battery," L. A. 
Heredy, M. L. Iverson, L. R. McCoy, and 
R. D. Oldenkamp (Al.) 

"S:hio Secondary Molten Salt Bat- 
tery, E S. Buuelli, Standard Oil of 
Ohio. 

"Electrochemical Aspects of the Gen- 
eral Atomic Zinc-Air Battery System," 
G. Caprioglio and J. T. Porter, General 
Atomics. 

"Electric-Microwave Hybrid Can and 
Smog," M. L. Brubacher and I. Ettinger, 
California Motor Vehicle Pollution Con- 
trol Board. 

"Lit;,ium Organic Electrolyte Bat- 
teries, R. C. Shair, A. E. Lyall, and 
H. N. Seiger, Gulton Industries. 

"Metal-Air Batteries," N. Palmer, Lee- 
sona-Moos Laboratories. 

"Sodium-Sulfur Batteries," N. Weber, 
Ford Motor Co. 

As in the case of the first two sym- 
posia, the proceedings of the meeting 
will be published and distributed. The 
proceedings of the first two symposia 
are available at $5.00 each; softcover 
copies are 5% x 8Y2, with 130 pages for 
1965 and 137 pages for 1966. All orders 
are to be sent to Carl Berger, 13401 
Koutenay Dr., Santa Ana, Calif. 92705 

South Texas Section 
A meeting of the South Texas Section 

was held on October 27 at the Geo Club 
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in Houston. Mr. John J. Newport was 
presented with a Past-Chairman pin in 
appreciation of his service in that of- 
fice. Dr. H. A. Liebhafsky was welcomed 
as a new member of the Section. Dr. 
Liebhafsky is recently retired from the 
General Electric Co. and presently 
holds the position of Professor of Chem- 
istry at Texas A&M University. 

Dr. Thomas C. Franklin, Professor of 
Chemistry at Baylor University, pre- 
sented a talk on "Processes Occurring 
at Metal Solution Interfaces!' Dr. Frank- 
lin summarized the results of several 
research areas with which he and his 
students have been concerned for sev- 
eral years. These included studies of 
hydrogen sorption and adsorption on 
various electrode surfaces by coulome- 
tric methods with applications to the 
determination of surface areas and de- 
gree of coverage, activity of adsorption 
sites and catalytic activity, hydrogen 
permeation and embrittlement, and the 
elucidation of oxidation and reduction 
mechanisms. A comparison of surface 
areas determined by oxygen adsorption 
with those from hydrogen adsorption 
showed good agreement. 

Ron Darby, 
Secretary-Treasurer 

DIVISION NEWS 

Electrodeposition Division 
The annual business meeting of the 

Electrodeposition Division was held on 
October 18, 1967, in the Kingston Room 
of the Sheraton-Chicago Hotel in Chi- 
cago, Ill. 

Chairman E. J. Smith extended his 
thanks to Professors H. A. Pohl of Okla- 
homa State University and W. F. Pickard 
of Washineton Universitv for oreanizine 
and runnGg the very Interesthg an: 
challenging symposium on "Dielectro- 
and Electrophoretic Deposition!' In his 
response, Professor Pohl pointed out 
that he had detected an increasing in- 
terest in the bioelectrochemical field, 
and that the whole area of the electro- 
chemistry of life processes might be- 
come a new venture for The Electro- 
chemical Society. 

Dr. E. J. Seyb announced that the 
1968 symposium, to be held in Mon- 
treal, will be on the subject of "Corro- 
sion in Multilayered Deposits!' The 
symposium will be held jointly with 
the Corrosion Division, the cochairman 
being Karl Willson. Dr. Seyb appealed 
for papers and enumerated a number 
of subject areas which might be the 
basis for papers. 

Dr. S. E. Beacom discussed selection 
of a topic for the 1969 symposium. He 
distributed sheets which listed the sub- 
jects of previous symposia held by the 
Division and by the American Electro- 
platers' Society, and proposed that 
"Plating on Plastics" might be a suit- 
able topic for 1969. Dr. F. A. Lowenheim 
commented that the scope might be 
broadened to include plating on all 
nonconductors, and that electroforming 

Acheson Medal Award 
The Acheson Medal Award can be mittee with nine copies of the support- 

made no oftener than every two years, ing documents, one for each member. 
The next opportunity for the Society I t  is desired that such suggestions 
so to honor someone is at the Montreal, be in the hands of the Committee not 
Canada Meeting in the Fall of 1968. later than February 1, 1968. 

The Honors and Awards Committee Following is a list of Acheson Medal- 
is charged bv the Bvlaws to recom- ists since the Award was founded: - - - ~  -. - 

meid a selection to-the Board. The 
Rules adopted by the Society, amended Edward G. Aches0n*-1929 

as of April 30, 1961, require that the EdWin F. N0rthrup*-1931 

Award shall be made without distinc- Fink*-1933 
tion on account of sex, citizenship, Frank J. 

race, or residence. Frederick M. Becket*-1937 

In addition to the above, with regard C. Frary-1939 

to the selection, the Rules have the $:f& Ll,"Eg1"s4s4"-1942 following provisos: 
1. Nominations shall be accepted, H. Jermain Creight0n-1946 

also, from the membership at large. Maclnnes*-1948 

Announcement to this effect shall be George W. Vinal-1951 

made by the Secretary through the J. W. Marden-1953 
Journal of The Electrochemical Society George W. Heise-1954 

as promptly as possible after the ap- M. Burns-1956 
pointment of the Committee. William J. Kroll-1958 

2. All nominations, whether made by Hemy B. Linf0rd-1960 
a member of the Nominating Commit- C. L. Faust-1962 
tee or by another member of the So- Earl A. Gulbransen-1964 

ciety, must be accompanied by a full Warren C. V0sburgh-1966 
record of qualifications of the nominee please address all nominations to the 
for the Award. Such supporting docu- Chairman of the Honors and AwaMs 
ments from friends of the candidate Committee, Dr. Walter J. Hamer, Elec- 
or from his organization shall be in trochemistry Section, National Bureau 
order. of Standards, Washington, D. C. 20234. 

3. The nominator must assume the 
responsibility for providing the Chair- - 
man of the Honors and Awards C0m- *Deceased 

should be considered. Dr. E. J. Seyb 
suggested that electroless metal plat- 
ing aspects might be included. A vari- 
ety of other topics was also proposed 
for consideration. 

The following officers were elected 
for a two year term: 

Chairman-J. V. Petrocelli, Research 
and Engineering Center, Ford Motor 
Corp., P.O. Box 2053. Dearborn, Mich. 
48121 

Vice-Chairman-$. E. Beacom, Re- 
search Laboratories, General Motors 
Corp., 12 Mile and Mound Roads, War- 
ren. Mich. 48090 

Secretary-Treasurer-E. B. Saubestre, 
24 West Slopeln, Hamden, Conn. 06517 

Members-at-Large-I. W. Wolf, 1285 
Hamilton, Palo Alto, Calif. 94301 and R. 
Weil, Department of Metallurgy, Stevens 
Institute of Technology, Hoboken, N. J. 
07030 

Chairman E. J. Smith expressed his 
pleasure at having been permitted to 
serve as Chairman for three years and 
mentioned that many interesting prob- 
lems had required solutions. He gave 
special thanks to Dr. McGraw for his 
assistance, and mentioned that action 
should be started on the 3rd edition of 
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AllENTION, MEMBERS I AND SUBSCRIBERS AlTACH 
Whenever you write to I The Eiectrochemlcal soci- 
ety about your membership 
or subscription, please in- I clude your Magazine ad- 
dress label to ensure I prompt servlce. 

I Mall to the Clrwlatin 
~epartment m e  Electre 
C L ~ ~ I U I  S~CI~O. Inc SD 

I 
I ~ a s t  42 st ~i cork, 

M. Y., 1 w t X  addnss I 
I 

CW S t l h  zip Coo@ 
1 
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TACUSSEL 
POTENTIOSTATS 
For very accurate control of 
voltage and current output 

MODEL PIT 20-2A 

Fastest response t ime com. 
m e r c i a l l y  ava i lab le ,  10.7 
seconds. 

TACUSSEL 
FUNCTION 
GENERATOR 
Designed Specifically 
for the Electrochemist 

Generates s ignals  hav ing  dif- 
f e r e n t  waveforms.  P roduces  
square, t r iangular ,  sawtooth 
and trapezoidal waves 

Phase shif t  connection net. 
work reduces effect of Dara- MODEL GSTP-2 

sitic oscillations, minimizes 
response time. 
Output, * 20 v or * 2 amps. 
Very high input impedance- 
typical, 10  11 ohms- permits 
low current usage in working 
range of 10.8 amps. 

Of particular interest to  electro- 
chemists: A standby switch to per. 
mit observing the output before 
imposing voltage thru cell. 
OTHER UNITS AVAILABLE WITH 

VARYING RESPONSE TIMES, 
VOLTAGE, CURRENT OUTPUTS 

/ 
CORROSION ANALYSIS ' 

NUMINCO offers 3 potentio- 
static series and function gene- 
ration instruments for passiva- 
tion studies. Many units are 
available with varying outputs 
from 0.5 amp to 50 amps. All 
potentiostats are designed to 
limit drifting to less than f I mv 
over 24 hours. Electronically or 
mechanically driven excursions 
are possible with the function 
generator, providing very fast 
or very slow potential sweeps 
down to l v per 24 hours. Steady 
state units are also available. 

ALL TACUSSEL INSTRUMENTS 
FULLY PROTECTED AGAINST 
OVERLOAD & SHORT CIRCUITS 

Permits both anodic and ca. 
thodic excursions. 

Genera t ion  o f  t r i a n g u l a r  
sweeps provides linear sweep 
thru zero with no overshoot at 
peak of triangle. 

Independently variable rise 
and fall times. 

Output amplitude, + 5 v. 

Offset voltage source, 2 2.5. 

Rate of change of potential 
variable from 1 mv ls  to 50,000 
vls. 

Fully protected against over. / load and short circuits. 

I ALSO AVAILABLE 

/ TACUSSEL PULSE GENERATOR 
MODEL GlTP 

For fast electrochemical reactions 

Call or write for further details 

Call or write for further details I 

Nu ml m ~ @ @  300 Se;h;;;!ir;n.ro;wi;r$ai 15146 

"Modern Electroplating!' Dr. J. V. Petro- 
celli, in accepting the office of Chair- 
man, thanked Mr. Smith for his leader- 
ship over the past three years 

Dr. Lowenheim, in commenting about 
the revision of "Modern Electroplating," 
pointed out that the 2nd edition was 
now in its fifth year, and that work on 
the 3rd edition needs to be started now 
by the appointment of an Editor and 
an Editorial Board, and by the solicita- 
tion of potential authors. 

Seward E. Beacom, 
Past Secretary-Treasurer 

NEWS ITEMS 

1967 Annual  lndex f o r  t h e  Journal 
The Annual lndex for Volume 114 

(1967) will appear in the February 1968 
issue of the JOURNAL. The February 
issue will be in two parts: Part I, the 
regular issue of the JOURNAL; Part II, 
the lndex for Volume 114 (1967). Part II 
will be inserted in front of cover three 
of the JOURNAL. 

Gordon Research Conferences 

The Winter Gordon Research Confer- 
ences will be held from January 22 to 
February 2, 1968 in Santa Barbara, Calif., 
at the Miramar Hotel and at the Santa 
Barbara Biltmore Hotel. The purpose of 
the Gordon Research Conferences is to 
stimulate research in universities, re- 
search foundations, and industrial lab- 
oratories. 

Meetings are held in the morning and 
in the evening, Monday through Friday, 
with the exception of Friday evening. 

Requests for application forms for at- 
tendance at the Conferences, or for ad- 
ditional information, should be ad- 
dressed to Dr. W. George Parks, Di- 
rector, Gordon Research Conferences, 
University of Rhode Island, Kingston, 
R. 1. 02881. 

The following portions of the Con- 
ference on electrochemistry are of par- 
ticular interest to ECS members. 

Electrochemistry 
January 22-26,1968 

Miramar Hotel 
Paul Delahay, Chairman; 

Isaac Trachtenberg, Vice-Chairman 
January 22 

"Some Char~e-Transfer Processes in Non- 
Aqueous Solvents," M. E. Peover, National 
Physical Laboratory, Elkland 

"Structure of Water, H. S. Frank, Uni- 
versity of Pittsburgh 

Januaw 23 
"The Ellipsometric Techniques and the 

Mechanism of Certain Film Forming Reac- 
tions," J. O'M. Bockris, University of Penn- 
m.,,s,"":s 

"Critical Factors Affecting Sensitivity an$ 
Accuracy of Ellipsometer Measurements. 
R. H. Muller. University of California. 
Berkeley 

"Study of Concentration Gradients by O p  
1 tical Methods." R. N. OrBrien. University of ..-.".." 

"Double Beam Interference Techniques 
for Mass Transfer and Electrode Surface 
Studies." R. H. Muller. University of Cal- 

1 ifornia, Berkeley 
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January 24 
"Spect?;eflectance Studies of Electrode 

Surfaces. J. 0. E. Melntyre. Bell Telephone . . 
Laboratoiies 

"Time-Domain Reflectometry for the Study 
of Electrode Processes In the Picosecond 
Range." H. R. Fellner, Hewlett-Packard Lab- 
oratories 

January 25 
"Mechanism Studies Using Optically 

Transparent Electrodes," 1. Kuwana. Case 
Western Reserve University 

"Potentialities and Limitations of Optical 
Methods in the Study of Electrode Proc- 
esses," 1. Kruger, National Bureau of 
Stplndards 

Experimental Studies in Convective Mass 
Transport in Channel Type Electrolysis 
Cells," C. W. Tobias, University of California, 
Berkeley 

"The CombiEed Processes of Diffusion 
and Migration J. Newman, University of 
California, Berkeley 

January 26 
"Electrode Processes in Solid-Electrolyte 

Cells," D. 0. Raleigh, North American Avia- 
ti!?,, Inc. 

H~gh Conductivity Solid Electrolytes 
MAg41~;' 8. B. Owens, Atomics Interna- 
tional 
(Boldface indicates ,active member of The 
Electrochemical Soctety.) 

Appalachian Underground Course 
The Thirteenth Annual Appalachian 

Underground Corrosion Short Course at 
the West Virginia University, School of 
Mines, Morgantown, W. Va., will be held 
on May 21-23, 1968, and covers basic, 
intermediate, and advanced education in 
corrosion control practices as related 
to underground pipe, cables, and water 
systems, as well as many special topics. 

Additional information regarding the 
course can be obtained by contacting 
R. L. Clay, Publicity Chairman, U.S. 
Steel Corp., Pittsburgh, Pa. 15230. 

University of Missouri 
Names Laboratory 

The electrochemistry laboratory in 
the new materials research building at 
the University of Missouri at Rolla has 
been named for Dr. Martin E. Strau- 
manis. Dr. Straumanis at present is 
professor of metallurgical engineering 
and research professor of materials at 
the university. 

The plaque designating the honor 
was presented to Dr. Straumanis at the 
recent dedication ceremonies of the 
building. 

Notice to Members 
The National Headquarters has 

mailed, on the first of October, 
dues bills for 1968. These are a 
special IBM card which must be 
returned in the special envelope 
provided with the bill. 

In addition to the dues bi l l  you 
have the opportunity to subscribe 
to ELECTROCHEMICAL TECH- 
NOLOGY and purchase bound 
volumes of the JOURNAL and 
ELECTROCHEMICAL TECHNOL- 
OGY. At the same time you will 
have the opportunity to purchase 
the new 1968 DIRECTORY OF 
MEMBERS. 

Ph.0. Program Established He was chairman of the Chemistry 
The Department of Materials Science, Department from 1952 to 1961 and also 

state university of N~~ york at stony served as director of the Corrosion Re- 
Brook. Stonv Brook. L. I.. N. Y.. has an- Search He was dean Of the 
nounc'ed the initiaiiin df a P~.D. pro- 
gram in Materials Science as an expan- 
sion of the existing M.S. program in 
Materials Science. Any student with a 
bachelor degree in physical sciences or 
engineering from an accredited school 
is eligible for admission. 

Additional information can be ob- 
tained by writing: Professor Leslie L. 
Seigle, Acting Chairman, Department of 
Materials Science, State University of 
New York at Stony Brook, Stony Brook, 
L. I., N. Y. 11790 

PEOPLE Norman Hackerman 

University's research and sponsored 
Norman Hackennan has been named programs during 1960-1961, vice-presi- 

president of The Univenity of Texas at dent and provost of the Univenity in 
Austin. Dr. Hackerman joined the fa- 1961 and 1962, and vice-chancellor for 
culty in 1945 and since that time has academic affairs of the UT system from 
distinguished himself in research, 1963-1967. 
teaching, and administration. He received the Whitney Award of 

FUEL CELL AND 
BATTERY ENGINEERS 

G o  w i t h  a leader. T h e  business o f  General Motors is energy 
conversion. That's why, as pa r t  o f  a corporation-sponsored effort, 
the G M  Research Laboratories is broadening i ts  already act ive 
fue l  cell a n d  battery programs. 

Career positions are n o w  open f o r  a select number o f  CHEMICAL 
ENGINEERS w i t h  BS o r  MS in Ch.E. a n d  a sol id background o f  
proven engineering experience in f u e l  ce l l  and/or battery systems. 
M u s t  have init iat ive a n d  abi l i ty  t o  develop hardware ut i l iz ing 
fundamental information be ing  uncovered by scientific colleagues. 
N e w  staff members w i l l  prof i t  f r o m  the opportunities-both pro-  
fessional a n d  w i t h i n  the corporation-to g row w i t h  a first rank  

group. 

We're located a t  the world-famous GM Technical Center, a 338- 
acre campus located 13 miles north of Detroit .  

Engineers w i t h  1-5 years experience in fuel cel l /battey 
hurdware development are inu i ted t o  s u b m t  their 
resume immediately to: 

GM Dr. S. E. Beacom, Head, Electrochemistry Department - General Motors Research Laboratories 
Warren, Michigan 48090 

An Equal Opportunity Employer 
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PhoDo 
Chemical 
Engineers 

and 
'bhy sical 
Chemists 

Key positions for Chemi- 
cal Engineers and Physical 
Chemists in a major labora- 
tory of one of the nation's 
largest and most technically 
oriented corporations. 

Opportunities for indepen- 
dent and imaginative experi- 
mentation in the study and 
scale-up of new high-tem- 
perature fused salt process- 
es involving heat generation 
and transfer, corrosion, mass 
transport and separation, 
and instrumentation. A fa- 
miliarity with high tempera- 
ture materials and technol- 
ogy as well as a background 
knowledge of electrochem- 
istry is desirable. The suc- 
cessful candidates will ex- 
perience the satisfaction and 
excitement of seeing their 
accomplishments move into 
a rapidly expanding busi- 
ness. 

Members of this group 
have an excellent opportu- 
nity to develop their futures 
in a wide variety of direc- 
tions and to grow in a tech- 
nically sophisticated en- 
vironment. 

For confidential consider- 
ation of your qualifications 
for one of these positions in 
the Upstate New York area, 
please write to: 

Dr. P. Doigan, Manager 
Doctoral and International 

Recruiting 
General Electric Company 

1 River Road 
Schenectadv, New York 

12305 
An Equal Opportunity Employer (M/F) 

the National Association of Corrosion Martin E. Kagan, executive officer and 
Engineers in 1956 for outstanding work director, Yardney Electric Corp., New 
toward the advancement of corrosion York, N. Y., has been elected president, 
science. In 1964 he was selected to i t  was announced. Mr. Kagan fills the 
give the 16th Joseph L. Mattiello Me- 
morial Lecture in Chemistry in Chicago. 
He was recipient of The Electrochemi- 
cal Society's Palladium Medal Award in 
1965 and also received the 1965 South- 
west Regional Award of the American 
Chemical Society. 

Dr. Hackerman, a member of the So- 
ciety since 1943, sewed as Chairman of 
the Corrosion Division in 1951, as Vice- 
President 1954-1957, and President in 
1957-1958. He has been Technical Editor 
of the JOURNAL OF THE ELECTRO- 
CHEMICAL SOCIETY since 1950, and 
Interim Editor of ELECTROCHEMICAL 
TECHNOLOGY since 1965. 

Dr. Hackerman's studies of corrosion 
in natural gas and sulfur production 
processes have proved valuable to 
Texas' petroleum industry. In 1956, dur- 
ing a chronic newsprint shortage, he 
and a student obtained a patent for a 
de-inking process whereby waste paper 
is treated with chemicals, heat and 
electricity to restore the qualities of 
original pulp. 

He is coauthor of a textbook, "Pre- 
Medical Physical Chemistry," and has 
written numerous articles for scientific 
journals. His present research is con- 
cerned principally with chemistry and 
physics of surfaces, especially metal- 
solution interfaces. 

Martin E. Kagon 

position formerly held by Michel N. 
Yardney, who has been elevated to 
chairman of the board of directors and 
chief executive office. 

Mr. Kagan joined Yardney in 1949 fol- 
lowing graduation from City College of 
New York. He was elected a senior vice- 
president of the organization in 1953 
and a director in 1961. He resigned his 
position in 1964 to enter the publishing 
field but continued as a director and 
consultant of the company. 

PLATING ENGINEERS 
We have several openings in the Advanced 
Structures group of our fuel cell program 
for engineers with at least two years ex- 
perience in electroplating, electroforming 
or chemical machining methods. Famili- 
arity with electroforming nickel and nickel 
alloys and electroplating noble metals on 
substances of all kinds is necessary. The 
work will be performed in a laboratory at- 
mosphere where immediate responsibility 
may be assumed. 
One big advantage in joining the dynamic 
group of engineering professionals at 
P&WA is the all-around good living in  
Connecticut. Charming town or country 
homes, above average schools, every cul- 
tural and recreational pursuit. 
If you wish consideration, please send your 
resume and salary requirements to Mr. 
H. M. Heldmann, Professional Placement, 
Office A-41, Pratt & Whitney Aircraft, 
East Hartford, Connecticut 06108. We are 
an equal opportunity employer. 
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POSITIONS AVAILABLE 

Research Chemist, B.S.-laboratory 
studies on electrode reactions in non- 
aqueous electrolytes, electrochemical 
syntheses, electroanalytical devices, 
etc. The successful applicant will have 
"ground floor" opportunity with this 
young, dynamic electrochemical R&D 
organization located just minutes from 
Times Square. Please send resume to: 
Dr. Ralf H. Koslow, Electrochemical Re- 
search Associates, 70 Hudson St., Ho- 
boken, N. J. 07030. 

Please address replies to the box 
number. shown c/o The Electrochemical 
Society, Inc., 30 East 42 St., New York, 
N. Y. 10017. 

Executive Position-reporting to di- 
rector of research, is available to one 
who possesses a high-level of technical 
competence in the chemistry of metal- 
lurgy of coatings, corrosion, and sur- 
faces. Reply Box B-25. 

Electrochemist-wanted by small, but 
well financed private company to super- 
vise and work in new processes of 
electrochemical orientation. Work hard, 
exciting. Applicants who like challenges 
should write to Box 8-26. 

HEMICAL SOCIETY NEWS AND REVIEWS 13C 

Fuel Cell and Battery Engineers-- 
career positions open for chemical en- 
gineers with B.S. and M.S. in 
Ch.E. with solid background of proven 
engineering experience in fuel cell 
and/or battery systems. Reply Box 8-27. 

Chemical Engineers and Physical 
Engineers-with Ph.D. degree. Oppor- 
tunities for independent and imagina- 
tive experimentation in the study and 
scale-up of new high-temperature fused 
salt processes involving heat genera- 
tion and transfer, corrosion, mass 
transport and separation, and instru- 
mentation. Reply Box 8-28, 

SIC Development Engineers-duties 
include design and fabrication of new, 
bulk gallium arsenide (Gunn) devices, 
and silicon planar devices for micro- 
wave applications. Basic materials fab- 
rication "know how" and/or gallium ar- 
senide technology necessary. Reply 
Box 8-29. 

Plating Engineers-openings in Ad- 
vanced Structures group in fuel cell 
program for engineers with at least 2 
years experience in electroplating, 
electroforming or chemical machining 
methods. Familiarity with electroform- 
ing nickel and nickel alloys and elec- 
troplating noble metals on substances 
of all kinds is necessary. Reply Box 
BJO. 

Newly created position with the Research Divi- 
sion of a large, international electronics com- 
pany. 

Duties will include the design and fabrication 
of new, bulk gallium anenide (Gunn) devices, 
and silicon planar devices for microwave appli- 
cations. Successful applicant will have basic 
materials fabrication "know-how" andlor gallium 
arsenide technology. 

This company is looking for excellent academic 
background, MSIBS PhysicsIEElor Chem. Eng. 
with at least three yean of semiconductor de- 
velopment engineering, plus an imaginative ap- 
proach to novel fabrication problems, and 
breadth of semiconductor technology knowledge. 

Salary range: $12-$15,000. 

To investigate the above position in  confidence, 
call (collect) Charles S. Langenfeld (617) 438- 
9100 or forward your resume to him at the ad- 
dress above. 

WHY GUESS 3 

to a 
millionth 

of an inch 
Your proflh depend on meeting tight specitlea. 
lions, maintaining quality control and redutlng 
relaeta. Con you afford to guess at plating thidc. 
nas when it is so easy to maarum and be rum: 
UNITRON'S PI-MEC PLATER'S MICROSCOPE sub. 
stituter facts for uncertainty. The plated deposit l a  
observed through o Filar Micrometer Eyeplen 
and meowraments are read directly from o 
micrometer drum. This compact mlcroocopr Is 
easy to use, portable around the shop and has a 
built-in light source. It also doubles as a metal. 
lurgicol microscope for examining grain structure 
etc. at mogniflcotions of 25X-1500X. Permanent 
photographic records may be made using an 
axewry  35mm. camera attachment and provide 
valuable legal protection for subcontractors. 
UNITRON'S PLATER'S MICROSCOPE will save its 
initial cost many times over. Prove Ihls for 
ywrself-as so many firms in the plating 
lndust~ have done-by requesting a FREE 
10 DAJTRIAL in your o m  plant. There is no cost 
and no obligation. 

I a m ,  i 
I 

I company I I Add,", I 
I I CIS Stale_ I 
I 

L--------------------------a 
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Student Members 

It is a pleasure to announce the 
following new members of The Electro- Reinstatements to Active Membership 

chemical Society as recommended by Bernstein Leonard Cupertino Calif. 
the Admissions Committee and a p  Monteith,'L. K., DiIrham, N. b. 
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proved by the Board of Directors in 
December 1967. 

Active Members ADVERTISER'S INDEX 
Andreassen Knut Foregrunn Norway 
Bow r, V I! ~ a i h i n g t o n  D.'c. 
~ r o A  R: u:: Oakland ca'lif. 
~ h i a &  P.-W. Ann ~ i b o r  Mich 
~hristdpher k A. scotid N. f. General Electric Co. . . . . . . . . . . . . . .  12C 
Dobbs P J' M' Bhdgetoii Mo. 
~ o t h e i f  ~dr to;  ~omerse i  N. J. . . . . . . . . . . . . .  ~ u i d o t t i  R. A. basadena balif. General Motors Corp. 11C 
Karlan 1. H. kiverdale b Y 
~asbahan H' S. Richa/dsdn iexas 
Lawson ~;m;s 6. West ~ c t d n  Mass. 

Great Lakes Carbon Corp., 
. . . .  ~amaniov,  Gieb, knoxville, ~ e i l n .  Graphite Products Div. Cover 2 

McCandiess J. T Bradford Pa. 
McKenna f. S guccasunnb N J. Magna Corp. . . . . . . . . . . . . . . . . . . . .  14C 
~ancollad, G. k.,  ~i l l iamsAl le;  Buffalo, 

N. Y. . . . .  Nisbet A. R Arkadelphia Ark McGovern Senter & Associates 13C 
~ovicl(, D. i.', NW York City, 'N. Y. 
Oroshnik. Jesse, Raleigh, N. C. Numec Instrument & Controls 
Ross, S. E., Warrensvilie Heights, Ohio . . . . . . . . . . . . . . . . . . . . . . . . .  Salama C. A. T. Toronto Ont Canada Corp. 10C 
Sohm jean- lat tide La froncze France 
Van iynatten,  red. ~hiladelphib, Pa. Pratt & Whitney Aircraft . . . . . . . . . .  12C 
Wagner P. R. Lake Katr~ne N. Y. 
~ a r r o c i ,  R. v:, San Diego, &if. Stackpole Carbon CO. . . . . . . . . . . . .  1C 

. . . . . . . . . . . .  Associate Member Swiss Aluminum Ltd. 17C 

. . . . . . . . . .  Wilcock, R. E., Havertown, Pa. Unitron Instrument CO. 1 3 ~  

r 2 10 Amps a t10  Volts 
r Microsec Rise Times 

r 2 0.5mvf24 hr. Stability 

Dual Potential Controls 
Adjustable through Zero I 

Magnachem. Lid. Calgary. MaEnachem, N.V. The Hague I 
MAGNA CORPORATION I 

A Subsidiary of TRW 
11808 South Bloomfield Avs., Santa Fe Sprin~r, I 
Calif. 90670 . Phone (213) 863.4781 I 
Please send Data File: P-JES-I I I 
Name I 
Title 

I 

Company 
I 

I 
Address ! 

I MAGNA 1 city 

I 
I 

I Cw.M8CILS . INSTFI,IMENTS . SLFIV ,CE State- zip--- I 

b 

This issue contains, on 

the inside of Cover I, an 

order form for ordering the 

Bound Volume of Extended 

Abstracts for the Boston 

Meeting. 

Notice to ECT Subscribers 
Nonmember subscriptions to 

ELECTROCHEMICAL TECHNOL- 
OGY expired on December 31, 
1967. Avoid missing any issue. A 
subscription renewal card invoice 
and return envelope has been 
mailed to all subscribers. To in- 
sure proper handling, mail your 
check for $15.00 with the com- 
pleted card invoice in the en- 
closed envelope. [Subscribers lo- 
cated outside the Continental 
United States must add $1.00 to 
the subscription price for postage 
($16.00), and payment must be 
made by money order or check in 
U.S. Funds.] 

The 1968 bound volume of 
ELECTROCHEMICAL TECHNOL- 
OGY can be obtained at the price 
of $6.00 by adding this amount to 
your remittance. The bound vol- 
ume is not offered independently 
of your ECT subscription. 

Notice to JOURNAL 
Subscribers 

Your subscription to the JOUR- 
NAL OF THE ELECTROCHEMICAL 
SOCIETY has expired on Decem- 
ber 31, 1967. Avoid missing any 
issue. A subscription renewal card 
invoice and return envelope have 
been mailed to all subscribers. To 
insure proper handling, mail your 
check for $24.00 with the com- 
pleted card invoice in the en- 
closed envelope. [Subscribers lo- 
cated outside the Continental 
United States must add $1.50 to 
the subscription price for postage 
($25.501, and payment must be 
made by money order or check in 
U.S. Funds.] 

Because of the increasing num- 
ber of pages published each year, 
the bound volume of the 1968 
JOURNAL will be in two parts: 
Part I, January-June; Part II, July- 
December. The two parts of the 
volume will not be sold sepa- 
rately. The bound volume can be 
obtained for $15.00 by checking 
the appropriate box on the card 
invoice and adding this amount to 
your remittance. The bound vol- 
ume is not offered independently 
of your JOURNAL subscription. 



Call  for  Papers 
134th National Meeting 

Montreal, October 6-1 1, 1968 
Divisions which have scheduled sessions are listed overleaf, along with symposium topics. 

I .  Symposium Papers. 
Authors desiring to contribute papers to a symposium Iistzd overleaf should check first with the symposium chair- 
man to ascertain appropriateness of the topic. 

2. General Session Papers. 
Each of the several Society Divisions which meets in Montreal can plan a general session. I f  your paper does not f i t  
readily into a planned symposium, you should specify "General Session." 

3. To Submit a Meeting Paper. 
Each author who submits a paper for presentation a t  a Society National Meeting should do three things: 

A-Determine whether the meeting paper is to be submitted to a Society journal for publication. I f  w, see be- 
low for details. 

8-No later than May 15, 1968, submit three copies, on the form printed overleaf, of a 75-word abstract of the 
paper to be delivered. You may use a facsimile of the form i f  necessary. These abstracts are required for publica- 
tion in the printed program of the meeting. 

C-No later than July 1, 1968, submit three copies of an extended abstract of your paper. See below for details. 
No deadline extension is possible. 

Send all material to The Electrochemical Society, Inc., 30 East 42 St., New York, N. Y. 10017. 

4. Meeting Paper Acceptance. 
Notification of acceptance for meeting presentation, along with scheduled time, will be mailed to authors with 

general instructions no earlier than two months before the meeting. Those authors who require more prompt noti- 
fication are requested to submit with their abstracts a self-addressed postal card with full author-title listing on 
the reverse. 

5. Extended Abstract Book Publication. 
Division programs will be the subject of an extended abstract volume in a manner prescribed by the Society 

Board of Directors. The volume is published by photo offset directly from typewritten copy submitted by the author. 
Therefore, special care should be given to the following typing instructions to insure legibility. 

A-Abstracts are to be from 500-1000 words in please. Submit graphs on onion skin without grids, or 
length (two pages single-spaced) and are to contain on gmph paper specifically designed for offset repro- 
to whatever extent practical all significant experimen- duction; strip-on tape is acceptable. 
tal data to be presented during oral delivery. E-Paste figures within typing dimensions indicated, 

8--Please send original and two copies of the ob- with lettering no smaller than Ys inch. Submit only 
stract typed single-spaced. Use white bond paper, the important illustrations. Avoid use of half-tones 
size 8% x 11 inches, with 1 '/4 margins on all sides. except where absolutely necessary. Type captions no 
Typing guide forms are available from Symposium Ses- wider than figure dimensions and paste in proper place 
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Montreal Meeting Symposia Plans-Fall 1968 

Batterv Division Svmoosia Plans . . 
The program for the Fall Meeting in 

Montreal, October 6-11, 1968 in addition 
to a general session will include the 
regular biennial symposium on Fuel 
Cells and a special symposium on Sil- 
ver-Zinc Batteries. 

Fuel Cells 
Papers are solicited from those active 

in re arch and development on fuel 
cells & all types. Contributions ranging 
from fundamental aspects of electrode 
behavior and electrocatalytic phenom- 
ena to performance of fuel cells and 
fuel cell batteries in relation to design 
are desired. Questions and suggestions 
concerning the program should be ad- 
dressed to the Program Chairman, 
R. R. Witherspoon, General Motors Re- 
search Laboratories, Warren, Mich. 
48090. 

Silver-Zinc Batteries 
A symposium consisting completely of 

invited papers and reviews thereof will 
be held as a separate session lasting 
approximately four and one-half days. 
The symposium, cosponsored by the 
Air Force Aero Propulsion Laboratory, 
will feature papers on the history, elec- 
trode chemistry and electrochemistry, 
thermodvnamics. mass trans~ort, mate- 
rials and manufacturing techniques, 
separators, and specifications, applica- 
tions and performance of silver-zinc bat- 
teries. After editing, the contents of 
the symposium will be published as a 
hard-bound book which will bring to- 
gether for the first time under one 
cover the science and technology of 
this high-energy electrochemical bat- 
tery. This is not a closed meeting; at- 
tendance by all will be welcome. 

Chairman for this symposium is J. J. 
Lander, Delco-Remy, Division of General 
Motors, Anderson, Ind. 46011. 

Corrosion Division 
Symposia Plans 

Three symposia in addition to general 
sessions are planned for the Fall 1968 
Meeting of the Corrosion Division in 
Montreal. 

Corrosion of Multilayer Deposits 
Corrosion of Multilayer Deposits will 

be held jointly with the Electrodeposi- 
t ion Division. Chairmen for this sym- 
poslum are: Karl Willson, Harshaw 
Chemical Co., 1945 E. 97 St., Cleveland, 
Ohio 44106 and E. J. Seyb, Jr., M&T 
Chemicals Inc., 1700 East Nine Mile Rd., 
Detroit, Mich. 48220. 

Corrosion in Desalination 
Corrosion in Desalination will be 

chaired by M. J. Pryor, Olin Matheson 
Chemical Corp., Metals Research Divi- 
sion, 275 Winchester Ave., New Haven, 
Conn. 06511. 

Corrosion of Architectural Materials 
Corrosion of Architectural Materials 

No later than May 15, 1968, submit 
three copies, on the form overleaf, of a 
75-word abstract of the paper to be de- 
livered. No later than July 1, 1968, sub- 
mit three copies of an extended abstract, 
500-1000 words. Send all material to 
The Electrochemical Society, I~c., 30 
E. 42 St., New York, N. Y. 10017 

will be chaired by Henry Leidheiser, Jr., 
Virginia Institute for Scientific Re- 
search, P.O. Box 8315, Richmond, Va. 
23226. 

Those desiring to present papers at 
these symposia are requested to com- 
municate directly with the symposium 
chairman. Several sessions of general 
papers will also be included. 

The Corrosion Division will also insti- 
tute on a trial basis a short session 
devoted to research results of news- 
worthy interest. Presentation time will 
be limited to 5 minutes and an abstract 
must be available at the meeting for 
posting. Permission to appear on the 
program must be obtained from .the 
Chairman of the Division at the meet- 
ing. No advance permission is required. 

Corrosion and Electrodeposition 
Divisions Symposia Plans 

Corrosion of Multilayer Deposits 
The Corrosion and Electrodeposition 

Divisions have scheduled a joint sym- 
posium on Corrosion of Multilayer De- 
posits for the Fall 1968 Meeting in 
Montreal. 

This symposium will include reports 
on systems including at least one ap- 
plied metallic deposit (vapor, electro- 
less or electrolytic). Subsequent or con- 
current layers may be metallic or non- 
metallic. Papers are particularly solic- 
ited on chromium-chromium oxide on 
steel, conversion and organic coatings 
over metal layers as well as multilayer 
metal coatings over metallic or plastic 
substrates. 

Inquiries and suggestions should be 
addressed to either of the Symposium 
Chairmen: E. J. Seyb, M&T Chemicals 
Inc., 1700 East Nine Mile Rd., Detroit, 
Mich. 48220 or K. S. Willson, Harshaw 
Chemical Co., 1945 East 97 St., Cleve- 
land, Ohio 44106. 

Dielectrics and Insulation 
Division Symposia Plans 

Deposited Thin Film 
Dielectric Materials 

A symposium on Deposited Thin Film 
Dielectric Materials is scheduled for 
the Fall 1968 Meeting in Montreal. 

F. Vratny, Bell Telephone Labora- 
tories, Inc., Murray Hill, N. J., is Chair- 
man. 

There will be a number of invited 
papers; contributed papers are also be- 
ing solicited. 

Categories of subject matter being 
actively considered for the symposium 
include: (a) studies on the electrical 
and mechanical properties of deposited 
thin film dielectrics; (b) new techniques 
for the deposition of thin film dielec- 
trics; (c) properties and applications of 
thin film dielectrics. 

This symposium is particularly di- 
rected to the new sputtering technology, 
new means of evaporative deposition, 
and recent advances in vapor deposi- 
tion techniques for preparation of di- 
electric thin films. 

Suggestions and questions are wel- 
come, and should be directed to the 
Chairman of the Symposium, F. Vratny. 

Ferroelectrics 

A symposium on Ferroelectric Mater- 
ials is scheduled. The following topic 
areas are being actively considered for 
the sessions: (a) growth and character- 
ization of ferroelectric crystals, (b) 
phenomenological and theoretical treat- 
ments of ferroelectricity, (c) dielectric 
properties of single crystals, poly- 
crystal and composite materials, (d) 
domain structure and polarization re- 
versal, (e) optical and electro-optic 
properties, and (f) device applications 
of ferroelectric materials. 

There will be a number of invited 
speakers; contributed papers are also 
being solicited. Suggestions and ques- 
tions concerning this symposium are 
welcome, and should be directed to the 
Chairman, Leslie E. Cross. Materials 
Research Laboratory, The Pennsylvania 
State University, University Park, Pa. 
16802. 

Electronics Division Symposia 
Plans 

Electrical Contacts to Semiconductors 

The Electronics Division is sponsoring 
a special symposium on Electrical Con- 
tacts to Semiconductors to be held at 
the Fall 1968 Meeting in Montreal. The 
fundamentals of the physics, chemistry, 
and metallurgy of ohmic contacts will 
be explored, and advances of techno- 
logical importance will be discussed. 
The program is to include both con- 
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75-Word Abstract Form-Montreal Meeting October 6-1 1, 1968 
Mail no later than May 15,lg68 to The Electrochemical Society, Inc., 30 East 42 St., New York, N. Y. 10017 

Abstract No.. ............... 
(do not write in this space) 

........................................................................................................................... 
(Title of paper) 

........................................................................................................................... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
( A ~ t h ~ f )  (Underline name of author prewntlng paper) 

(Type your abstract in this s p a c d a u b l e  rpaca with 
two carbon copier on plain white papmr.) 

Division and Symposium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Do you require any audiovisual equipment? 35 mm (2x2 in.) slide projector; 

3% x 4 in. slide projector; other (specify) 

Is a ful l  length paper on this work to be submitted for Society publication? Yes No 

Papera presented before a national technical meetlng become the property of the Society and may not be publlahed elsewhere wlthout 
mitten permisalon of the Society. 

For Omn Uw 

Extended Abreact rec'd: quested 

lent to: 
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